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ProbabiUty Likdihood and Qmniily of Infomufliotk in the Logie of 

Uncertain Inference 

By R. A. Fishbb, F.R.S. 

(Received December 14, 1933) 

Iq a previous paper H. JefEre]rs* put forward a method of obtaining tite 
distribution a priori of the precision constant of a hypothetical normal 
distribution, by means of the principle that if three independent obaervataons 
are made in succesaion, from a continuous distribution of any fona, the 
fuobability that the third observation rilall fall between the first two must be 
one*thizd (p, 48) : “ Two measures are made. What is tiie probability that 
tile third observation will lie between them 1 The answer is easily seen to 
be one-third.” 

This proposition, in the form in which JeSxeje states it as the foundation for 
his deductions, is ambiguous, and may bear one of two distinct meanings, one 
true and the other demonstrably false. The proposition may mean : — 

(a) If sets of three independent observations are taken from any continuous 
distribution, the probability that the third observation of any set shall lie 
between the first two of the same set is one-third. 

It is obvious that this proposition is true, since the six orders in which any 
three specified observations may occur m a set will be nalised in different sets 
in the long nm with equal fiequenty, and in two of these rix possibilities the 
ohiSirvation witir median value will occur last. The probalnlity of any two 
dbesmtioBS ctnockling in vdiue is, of course, aero. 

If the first two observations are the same for idl sets, and a third 
ohenvation be dhoaen at random ind^endentiy for each set, the probability 
tiult the third On|tyatioa shall lie between the first two is one-third, for all 
vrilnes of the fintl^ observations. 

^ Roy. See.* A, vot. W8. 48 (1082). 
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This proposition (5)„i^hich is that used by JefEreys in his deration of the 
form of the distribution a priori of the constant of precision, may be very 
easily shown to be untrue, save in an exceptional case of zero probability. 

If we represent (fig. 1) the probabilities of an observation chosen at random 
being less, respectively, than the first and the second observation, by the 
co-ordinates of a point P, t}>en it is easy to see that P will lie with equal 
probability within any two regions of equal area inside the unit square, for 
which both co-ordinates lie between 0 and 1. The probability of a third 
observation lying between the first two will then be the absolute value of the 
difference between the co-ordinates. Tliis difference will exceed any chosen 

value, p, in two regions at opposite cor- 
ners of the square, the aggregate of which 
is (1 — Consequently, in one case out 
of four p will exceed in four cases out 
of nine p will exceed and in seven cases 
out of sixteen p will be less than Ob- 
viously, also, the chance of p lying in the 
range I ± y^p will be 4 and will tend 
to zero as dp is decreased indefinitely. 
The probability, p, is therefore only ex- 
ceptionally in the near neighbourhood of 
and in general it takes all values from 
0 to 1 with a calculable frequency. It is 
only its average value that is equal to 
In another paper* the author has shown that when, in Jeffreys* analysis, 
allowance is made for variation in the values of the first two observations by 
integrating their frequencies over the possible range of these values, the 
equation arrived at reduces to a mere identity. This was, indeed, to be 
expected, when a fact, true equally of all the distributions under discussion, 
is adduced to discriminate the probabilities of each separately. 

In a rejoinder,! Jeffreys objects to thk process of integration : — 

‘‘ Fisher proceeds to reduce my theory to absurdity by integrating with 
respect to all values of the observed measures. This procedure involves 
a fundamental confusion, which pervades the whole of his statistical work, 
and deprives it of all meaning,” 
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Any ddTence which Jeffreys might have to offer of his omission to perform 
these integrations is thus lost in a polemical haze which his subsequent para- 
graphs do nothing to elucidate. I am not inclined to deny that the integrations 
reduce Jeffreys’ theory to absurdity. Their purpose, however, is merely to 
justify the principle on which Jeffreys’ reasoning is avowedly based, ».e., to 
draw the conclusions derivable from the true proposition (a) above, in place 
of those which Jeffreys has derived from the untrue propositioiK {b). 

This point can, I hope, be made plain independently of any general criticism 
of the system of notions respecting probability, which Jeffreys has elsewhere 
developed, and which he has reiterated in his rejoinder to my note. Since, 
however, he seems to complain of my neglect of these notions, 1 may be 
permitted to put forward as briefly as possible the reasons which have weighed 
with me in this neglect. 


Criticism of Jeffreys’ Theory 

Jeffreys’ definition of probability is subjective and psychological* : “ We 
introduce the idea of a relation between one proposition p and another 
proposition 5, expressing the degree of knowledge concerning p provided by q.” 
In this it resembles the more expressive phrase used by Keynes, “ the degree 
of rational belief.” Obviously no mathematical theory can really be based on 
such verbal statements. Any such theory which purports to be based upon 
them must in reality be derived from the supplementary assumptions and 
definitions subsequently introduced, a “ aeries of conventions, involving no 
further hypotheses,” in Jeffreys’ explanatory phrase. Thus Keynes estab- 
lishes the laws of addition and multiplication of probabilities, by stating these 
laws in the form of definitions of the processes of addition and multiplication. 
The important step of showing that, when these probabilities have numerical 
values, ” addition ” and “ multiplication,” as so defined, are equivalent to 
the arithmetical processes ordinarily knoym by these names, is omitted. The 
omission is an interesting one, since it shows the difficulty of establishing the 
laws of mathematical probability, without basing the notion of probability 
on the concept of frequency, for which these laws are really true, and from 
which they were originally derived. 

The alternative method of bridging this gulf is adopted by Jeffreys : ” The 
fundamental rule is the Principle of Non-sufficient Reason according to which 
proporitions mutually exclurive on the same data must receive equal probabili- 

• • Pwo. Boy. Soo.’ A, vol. 140, pp. 527-8 { 1933). 

B 2 
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ties if there is nothing to enable us to choose between thexn/^ It will be noticed 
that the idea that a probability can have an objective value, independent of the 
state of our information, in the sense that the weight of an object, and the 
resistance of a conductor have objective values, is here completely abandoned. 
The ideas, femiliar to all writers on mathematical probability, that a prob- 
ability may in certain circumstances be unknown and in other circumstances 
may be with greater or less accuracy, are quite foreign to Jeffreys’ 

s}rBtem. also of frequency as an observational measure of 

probabilitj^ (“ By * probability ’ I mean probability, and not frequency, as 
Fisher seems to think,” p. 623) makes it impossible for any of his deductions 
to be verified experimentally. 

The one merit of a system of thought, founded on Non-suificient Reason, 
and denied access to experimental verification, might be its internal consistency. 
As a succession of writers has shown, however, this supposed principle leads to 
inconsistencies which seem to be ineradicable, as in the example which Jeffreys 
quotes from Keynes : — 

‘‘ Keynes* writes as follows ; ‘ Let us suppose as before that there is 
no positive evidence relating to the subjects of the propositions under 
examination which would lead us to discrixninate in an^ way between 
certain alternative predicates. If, to take an example, we have no 
information whatever as to the area or population of the coimtries of 
the world, a man is as likely to be an inhabitant of Great Britain as of 
France, there being no reason to prefer one alternative to the other. 
He is also as likely to be an inhabitant of Ireland as of Prance. And 
on the same principle he is as likely to be an inhabitant of the British 
Isles as of Prance. And yet these conclusions are plainly inconsistent. 
For our first two propositions together yield the conclusion that he is 
twice as likely to be an inhabitant of the British Isles as of Prance, 

Unless we argue, as I do not think we can, that the knowledge that 
the British Ides are composed of Great Britain and Ireland is a ground 
for supposing that a man is more likely to inhabit them than Prance, 
there is no way out of the contradiction. It is not plausible to mmntain, 
when we are considering the relative populations of different areas, that 
the number of names of sub-divisions which are within our kaowIe(%e, is, 
in the absence of any evidence as to their sLse, a piece of relevant evi- 
dence/ ’’ 


♦ 2^reatm on PrfMiUty, p, 44, 1921, 
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Jeffreys’ attempt to rebut this argument is as follows : — 

“ Keynes here commits the fallacy, against which he argues effectively 
elsewhere, of supposing that the probability of a proposition is a function 
of that proposition and nothing else, instead of an expression of our state 
of knowledge of the proposition relative to particular data. Suppose, to 
make the issue a little more precise, that a man in Buenos Aires receives 
a message to the effect that a European of unspecified nationality is 
coming to visit him. He must then assess the probability of the various 
possible nationalities with respect to his available knowledge. If his data 
are that Great Britain, Ireland, and France are three different countries, 
and he has no further information as to the number and mobility of their 
inhabitants, he must assess their probabilities equally, and the prob> 
ability that the visitor comes from Great Britain or Ireland is twice the 
probability that he comes from France. If, on the other hand, he 
considers that the British Isles are one country, of which Great Britain 
and Ireland are divisions, he must assign to the British Isles and France 
the same probability, dividing that assigned to the British Isles equally 
between Great Britain and Ireland. Kejmes’s dilemma does not exist 
and is merely an indication of incomplete analysis of the nature of the 
data.” 

It will be observed that Jeffreys’ defence of his principle depends wholly on 
the verbal use of the word ” country,” and has been anticipated and answered 
by Keynes in the passage quoted, in a way that Jeffreys seems to overlook. 
Even as a formal solution based on a verbal convention, however, Jeffreys* 
solution breaks down in the case where the information in the possession of the 
Argentino is that the British Isles are one country, in one sense of that word, 
and two countries in another sense in which the word might be employed ; 
and where he is intelligent enough to recognize that his preferences, if any, 
among the different definitions of the word “ country ” are irrelevant to the 
probability which is under his consideration. 

The failure of all assumptions of the same nature as the principle of insuffi- 
cient reason in logical situations, in which the subject is not only ignorant of 
the relative probabilities of the different hypotheses he might make, but 
at the same time knows of his own ignorance, leads naturally to the considera- 
tion that the logical tituations in which uncertain inference may be attempted 
are various and diverse in charaoter, and that an initial mistake is introduced in 
all such definitions as that of Jeffreys in assuming that the degree of knowledge 
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or degree of rational belief is, in all cases, measurable by a c^u&ntity of the same 
kind. In Jeffreys’ definition, indeed, it is evident that at least two different 
kinds of quantities are admissible : — 

(i) We may consider the amount of information which the proposition, or 
set of propositions, y, has to offer respecting the truth or falsehood of 

this is evidently a different quantitative element in the logical 
relationship from 

(ii) The extent or degree to which the information provided by q favours the 
truth rather than the falsehood of p. 

In the logical situation presented by problems of statistical estimation, I 
have shown that a mathematical quantity can be identified which measures the 
quantity of information provided by the observational data, relevant to the 
value of any particular tmknown parameter. That it is appropriate to speak of 
this quantity as the quantity of information is shown by the three following 
properties : 

(i) The quantity of information in the aggregate of two independent sets of 
observations is the sum of the quantities of information in the two sets 
severally ; each observation thus adds a certain amount to the total 
information accumulated. 

(ii) When, on increasing our observations, the sampling error of an efficient 
estimate tends to normality, the quantity of information is proportional 
to the precision constant of the limiting distribution. 

(iii) The quantity of information supplied by any statistic or group of 
statistics can never exceed the total contained in the original data. 

Even if , in a logical situation providing a basis for uncertain inferenoe, we 
confine attention to quantitative characters, measuring the extent to which 
some inferences are to be preferred to others, different situations, amcmg the 
kinds which have already been explored, provide measures of entirely distinct 
kinds. Thus, a knowledge of the construction and working of apparatus, 
such as dice or roulettes, mode for gaming, gives a knowledge of the prob^ 
abilities of the different events or sequences of events on which the result of 
the game may depend. This is the form of uncertain inference for which the 
theory of probabilities was developed, and to which alone the laws of prob* 
ability are known to apply. Since the term ‘‘ mathematical probability 
and its equivalents in several foreign languages have been used in this sense, 
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and almost exclusively in this sense, for over 200 years, it is imposrible to 
accept Mr. Bartlett’s* suggestion, in his thoughtful discussion of the topic, 
that only the word “ chance ” should be used for the objective probabilities 
with this meaning, and that the word “ probability ” should be confined to 
the recent and perhaps ephemeral meaning which Dr. Jeffreys has assigned 
to it. 

It is difficult to understand the difficulty expressed by Jeffreys as to the 
definition of probability, when incommensurable, as the limit of the ratio of 
two numbers, when these both become infinite or increase without limit . AH 
the sampling properties of hypothetical infinite populations can be expressed 
rigorously as limits of the sampling properties of finite populations if, as these 
are increased indefinitely, the frequency ratios of their elements tend to the 
values assigned in the hypothetical infinite population. This is quite another 
matter from the difficulty experienced by those who attempted to define 
probability as the limit of the frequency ratio of experimental events, for we 
can have no direct knowledge of the existence, or the nature, of the limits 
approached when any experimental procedure is repeated indefinitely. In 
contrast, the limits approached by repeating mathematical operations may be 
investigated with precision. 

The logical situation which arises in the Theory of Estimation is of quite a 
different character. Here we are provided with a definite hypothesis, involving 
one or more unknown parameters, the values of which we wish to estimate 
from the data. We are either devoid of knowledge of the probabilities 
a pnori of different values of these parameters, or we are unwilling to introduce 
such vague knowledge as we possess into the basis of a rigorous mathematical 
argument. Knowledge a priori may be, and often is, used in arriving at the 
specification of the forms of population we shall consider. The chief logical 
characteristic of this line of approach is that it separates the question of 
specification from the subsequent question of estimation, which can arise only 
when a specification is agreed on. 

When a definite specification has been adopted, we can obtain a function of 
the parameters proportionate to the probability that, had these been the true 
values, the observations would have been those actually observed. This 
function is known as the mathematical likelihood of any value of a single pata- 
metar, or of a set of values, if the parameters are more than one. With 
respect to the parametric values the likelihood is not a probability, and does 
not obey the laws of probability. Maximiihtg the Ukelihood provides a 
• • Proo. Roy. So®.* A. vol. 141, p. 61« (1938). 
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method of estimation which has been shown to possess the following relevant 
properties 

(i) In certain cases an estimate is possible which, even from fuiite samples, 
contains the whole of the information contained in the sample. Such 
estimates are known as " sufficient.” The method of mazimam 
likelihood provides such sufficient estimates when they exist. 

(ii) When no sufficient estimate is possible, and there exist only estimates 
which conserve a fraction of the total information, tending to unity as 
the sample is increased indefinitely, the value with the highest likelihood 
is one such estimate, and contains not less information than any other 
estimate of the same kind. 

(iii) Wlien the likelihood function is differentiable at its maximum, ancillary 
statistics may be formed from its successive differential coefficients, 
which reduce the amount of information lost, as the sample is indefinitely 
increased, to zero of any required order. 

(iv) In certain instances, as I have more recently shown, the whole of the 
information contained in the sample may be recovered by using the 
whole course of the likelihood function. 

Thus we have, in addition to the probability of the classical theory, already 
two other quantitative characteristics, appropriate to different logical situa- 
tions admitting of different sorts of uncertain inference. It is to be anticipated 
that a detailed study of logical situations of other kinds might reveal other 
quantitative characteristics equally appropriate to their own particular cases. 
However reasonable such a supposition may have appeared in the past, it is 
now too late, in view of what has already been done in the mathematics of 
inductive reasoning, to accept the assumption that a single quantity, whether 
“ probability ” or some other word be used to name it, can provide a measure of 
“ degree of knowledge ” in all cases in which uncertain inference is possible. 

Jeffreys attempts the more difficult task of justifying our procedure in 
arriving at particular specifications by means of the Theory of Probability. 
It is not, however, obvious that probability provides our only, or chief, guide in 
this matter. Simpler specifications are preferred to more complicated ones, 
not, I think, necessarily because they are more probable or more likely, but 
because they are simpler. As more abundant data are accumulated certain 
simplifications are found to be very unlikely, or to be significantly contradicted 
by tile facts, and are, in consequence, rejected ; but among the theoretical 
possibilities which are not in conflict with any existing body of fact, the 
calculation of probabilities, even if it were possible, would not, in the tmter’s 
opinion, afford any satisfactory ground for choice. 
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Probability and Scientific Method 
By Harold Jeffreys, F,K,S. 

(Received April 28, 1934) 

I argued in my previous paper* that the opinions (1) that all inference 
beyond the immediate data of experience is meaningless, and (2) that the 
whole of scientific knowledge can be established independently of experience, 
are both logically tenable, at a price, but that neither corresponds with ordinary 
scientific or common-sense belief It was obvious that Fisher would be the 
first to agree with me in rejecting the second alternative ; his attitude to the 
lirst was less clear. I also maintained that we need a theory of scientific 
inference that will agree with ordinary beliefs about its validity, and that any 
such theory would involve as an a priori element the notion of probability and 
some of the fundamental rules for its assessment. By their very nature these 
rules cannot be established by experience : they must be judged by their plausi- 
bility, the internal consistency of the theory based on them, and the agreement 
or otherwise of the results with general belief. Fisher objects to the introduc- 
tion of an a priori element, and I should agree with him to the extent that 
a priori hypotheses should be reduced to a minimum, but that minimum must 
be sufficient to give a general theory. I was originally somewhat attracted 
by the wish to define probability in terms of frequency, but found that the 
existing theory of Venn failed in its objects. It avoided no a priori hypothesis, 
several having been used but not stated, and its results, when interpreted in 
terms of the definition, were not in a practically applicable form. As the 
arguments have already been published twice,! I do not repeat them. Fisher 
departs from Venn by defining a probability as the ratio of two infinite numbers^ ; 
but then no probability would have a definite value. Later in this paper, 
however, he obtains definite values for probabilities, and it is not clear how he 
gets them. (At this stage he generally uses the word “ frequency in place 
of “ probability,'' but I think he is treating them as synonymous.) There 
is a gap in his argument at this point ; but the results, relating to the prob- 

Note , — ^My proctioe in giving reiforences is to give initial and final pages where a whole 
paper oar an extended passage is intended ; when I refer to a single page, the statement 
referred to is on that page. 

♦ * Proo, Boy. Boo.,’ A, vol. 140, pp. 523-^5 (1033). 

t Wrlnoh and Jefireys, ‘PhU. Mag./ vol, 88, p. 716 (1919); Jeffreys, Scientific 
Infcurenoe,^’ p, 216. 

t * Phil i:yan*./ A, vol. 222, p. 812 (1922). 
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ability of a set of observations given the hypothesis, agree in all cases with those 
of the a priori theory, on the supposition, presumably valid, that the probability 
of any particular observation is determined by the constants of the assumed 
law of distribution alone, and is not disturbed by the previous observations* 
Again, I have no objection to the study of likelihood as such* The theorem 
of Inverse Probability states that the probability of a hypothesis, given the 
previous knowledge and the data of experience, is proportional to its probability 
on the previous knowledge multiplied by the probability of the data of experi- 
ence given the hypothesis. But the likelihood is simply the probability of the 
data on the hypothesis, apart from a factor that is the same for all hypotheses* 
Hence we may state the theorem in the form 

Posterior probability qc prior probability X likelihood 

One immediate consequence is that the infoimation given by experience is 
completely summed up in the likelihood, the use of which therefore, on my view, 
needs no further justification. On the other hand, the prior probability needs 
further consideration. Dr. Wrinch and I showed that in problems of sampling, 
provided the sample is large, the likelihood is a small fraction of its maximum, 
except within a narrow range of hypotheses ; provided, therefore, that the prior 
probability does not vary greatly in this range, the posterior probability is 
approximately proportional to the likelihood. As large samples are taken in 
any case to reduce the error of the mean, the precise form of the prior prob- 
ability is of secondary importance in most practical cases* So far as I can see, 
this covers all the cases that Fisher and other statisticians consider, and 
I should be the last person in the world to deny the utility of approximation* 
The fact that the distriburion of prior probability is of little importance in 
many oases is, however, no reason for neglecting it. It is easily seen to be 
relevant to our subsequent opinion by considering extreme cases, suc^ as I 
have already mentioned. I do not gather what Fisher’s attitude to these 
extreme cases is, but it seems to me that he must agree that likelihood is not 
always the only thing that matters, 

I find it difficult to answer criticisms oi the theory, because most of them 
seem to refer to something different from what I intend, and I cannot see 
what* It may, however, help to clearness of discussion if I mention a few 
things that the theory does not mean. 

It is not claimed that either the laws of probability or the assessment of 
prior probabilities can be proved, either by logic or by experiment* If they 
could be proved, the belief that inductive mferenoe is meaningless would bo 
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disproved, and this seems impossible. Ali we can say is tiiat we do believe that 
inference is possible, and therefore take this as an axiom. It is a question 
whether a self-consistent theory can be constocted with a given set of 
postulates, but enough seems to have been done now to entitle us to answer 
this question in the affirmative. Prior probabilities could logically be assigned 
in any way ; they must in practice be assigned to correspond as closely as 
possible to our actual state of knowledge, and in such a way that the sort of 
general laws that we, in fact, consider capable of being established can acquire 
high probabilities as a result of sufficient experimental verification. A 
criticism that is possible, but has not been made, so far as I am aware, is that 
the argument is circular ; the probabilities are assigned to fit the belief that 
scientific method is valid, and then apparently used to justify it. But we 
are not trying to prove that it is valid ; we know that this cannot be proved. 
We are trying to find out whether there are general principles that make the 
method a self-consistent whole. The alternative is that our empirical laws 
are a haphazard set of guesses, and if that is accepted I cannot see that scientifio 
method is any improvement on primitive superstition. The advantage to 
science of a general theory of its method is that if a priori postulates are needed, 
discussion is assisted by making them explicit. 

The assignment of a priori probabilities (i.e., prior probabilities where there 
is no previous relevant knowledge other than the general principles of the 
method) has been the chief stumbling-block of the theory in the past. The 
propositions considered may often be disjunctions of equally probable alterna- 
tives and in that case there is no difficulty. I think that a fuller logical analysis 
than has yet been given may show that this class is much larger than has yet 
been suspected. But at least one exception exists, possibly two — general laws 
and quantitative laws. The difficulty about general laws was stated first, 
with a rather hesitant attempt at a solution, in two important papers by 
C. D. Broad.* He pointed out that the theory of sampling will never give an 
appreciable probability for a general law of the form “ all crows are black.” 
(A better example in some ways is “ All animals with feathers have beaks.”) 
I have suggested a solutionf of the apparent paradox, namely, that the 
logically equivalent alternatives are ” all crows are black,” “ no crows are 
bla^,” “ some crows are black and others are not ” ; but there may be an 
alternative solution in terms of Broad’s theory of kinds. The definite exception 
relntes to quantitative laws ; here there is a solution in terms of the simplicity 

• « Jifind," voL 27. pp. 889-404 (1918) ; vol. 29, pp. 11-45 (1920). 

t ‘ Pxoo. Oamb. Phil. Soo.,’ vol. 29, pp. 88-87 (1988). 
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postulate.'^ In this case it can be seen unusually clearly that likelihood is not 
all that matters. We have a set of quantitative observations, which we 
oo-ordinate by means of a simple law. An infinite number of laws could be 
found that would satisfy them exactly ; but we choose one that only satisfies 
them approximately, because it is the simplest, and we expect that this will 
give the most accurate results when used for extrapolation. Any of the 
others would have a greater likelihood ; our actual choice of the simplest is 
due to the principle that it has a greater prior probability and not a much 
smaller likeliliood. 

A prior probability is not a statement about frequency of occurrence in the 
world or in any portion of it. Such a statement, if it can be established at all, 
must involve experience. The function of the prior probability is to state the 
alternatives to be tested in such a way that experience will be able to decide 
between them. I have no a priori certainty that the numbers of electrons and 
protons in the universe are equal, or that the principle of general relativity is 
true ; my respect for both beliefs is due to the fact that they agree better with 
experience than various other alternatives that I might consider equally 
likely a priori. In the former case I do not consider an indefinite repetition 
of universes with all ratios of the numbers of electrons and protons equally well 
represented ; this would be as much an a priori idea as probability itself, 
and therefore ofiers no advantage. I simply state my previous ignorance of 
the composition, and proceed to consider the consequences of observational 
data in modifying this ignorance. 

Some doubt has been expressed about the postulate that for any two proposi- 
tions p and q there is a numerical probability of p given q. This can be shown 
to follow from the postulate that probabilities can be arranged in an order, or, 
following Bayes and Ramsey, from the postulate that the values of expecta- 
tions can be arranged in an order.f Ramsey’s rules of consistency may be 
held to assume an ideal man who always makes his decisions for action cor- 
rectly, according to the value of their consequences. I do not think that this 
is necessary, but if it is we might equally say that most of pure mathematics 
assumes an ideal man who always gets his arithmetic right, I am not sure 
what the objection is, but think it worth while to state that probability is not 
equivalent to relevance. Thus we may have 

P (p/j) == P {rpjqr) 

♦ Scientific Inference,” chapter 4, 

t It is not oorreot that Bayes defined probability in terras of any idea of frequency. 
Re defined it as the ratio of the values of expectations. 
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for a ‘(vide range of values of r ; then r, within limits, is said to be irrdevant 
to the probability of p given q. Bartlett’s notion of chance is an extreme case 
which is often approximately, but never, I think, exactly, realized in practice. 

Again, I do not understand the statement that the prior probability is 
subjective. The distinction between subjective and objective has been a 
ntatter for argument between philosophers for some 2000 years, without, 
I think, appreciable approach towards agreement. For scientific purposes, 
our experience reduces on ultimate analysis to sensations, which are largely 
subjective on almost any philosophical system. It is a fact that difiwent 
people interpret their essentially private sensations in terms of much the same 
“ reality,” but I think I have shown in my book that this interpretation 
involves the whole procedure of inference, which is therefore more fundamental 
in knowledge than any question of reality, which is not very important for 
scientific purposes. (This attitude is a development of that of Karl Pearson.) 
It is true that different people approaching the same set of new data with 
different previous knowledge may assess different prior probabilities ; but that 
is a reason for choosing the experiments in such a way that the likelihood will 
make the posterior probability approximately the same for aU, or for exchange 
of their previous knowledge. 

The statement of Fisher and Bartlett that the prior probability is unknown 
needs more discussion than they give. If the prior probability is interpreted as 
a statement of the frequencies in the world, or among accessible but unoxamined 
specimens, the statement is true ; but that is not my interpretation. 1 am in 
full agreement with them about the difficulties of assessing prior probabilities ; 
but these difficulties are of two opposite types, which must be carefully distin- 
guished. It seems to be easier to understand a moderately complicated idea 
than either a very simple or a very complicated one. The binomial theorem 
is intelligible to more people than the introduction to “ Principia Mathematioa ” 
or, say, Watson’s “ Bessel Functions.” Prior probabilities are subject to the 
former difficnlty when previous relevant knowledge is negligible; then the 
problem is to clarify our ideas about wltat really are the equivalent alternatives, 
but I think solutions can be obtained, and are useful when obteuned. When 
previous knowledge is complex the difficulty of evaluating a prior probability 
is one of sheer labour ; nevertheless, I think that in many cases approximations 
can be obtained. 

I think the above general considerations explain my attitude to most of 
Fisher’s points, I cannot follow his new criticism of my inferred distribution 
of the prior probability in the theory of errors ; it makes no mention of the 
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postulate that the probability of the errors is distributed aocordiog to the 
normal law about a true value, so I do not see how it can be rdevant. I have 
little to add here to the analysis already given by Bartlett.* There was an 
unfortunate obscurity in my paper, which is partly removed by a note I had 
an opportunity of communicating to Bartlett. It is quite true that if we have 
no previous observations the probability of the third observation lying between 
the first two is J, whatever the law of error and the distribution of probability 
of a and h. But when we have made two observationss we have relevant 
information ; the mean gives a clue to the true value, and the difference gives 
a clue to the standard error. My postulate is that with this extra knowledge 
the probability that the third observation lies between the first two is still 
and this is equivalent to the postulate that the standard error is completely 
unknown until there are two observations. This is a common case, but 
obviously not universal. If the standard error is known already, tiie postulate 
is untrue. To take an extreme case, suppose that the standard error is known 
before any observations are made, and that the first two observations differ by 
6 it. Then there is a high probability that they differ in opposite senses from the 
mean, and that the third observation will have an error of order a and will lie 
between them. On the other hand, if the first two differ by much less than a, 
the inference is that their agreement is accidental, and that the next observa- 
tion will probably not lie between them. In such a case it would only be for 
some special value of the separation that the probability of the third observa- 
tion lying between the first two, given the first two, would be 

With regard to the quotation from Keynes, I did not overlook Keynes’s 
answer. I do not agree with it. If the word “ country ” has any intelligible 
meaning, 1 think it is a very relevant piece of information whether Great 
Britain and Ireland are two different countries or two parts of the same 
country. 

I should say here that such assessments of prior probability as an eiqpreBsion 
of equivalent alternatives afford no basis for the application of the “ law of 
large numbers.” Thus, if an Argentine has no infonnation about the numbers 
of Englishmen and Frenchmen in his country, the probability on his data 
that the next foreigner he meets will be English is the same as the ptobabili^ 
that he will be French. But this affords no ground for believing that of the 
next thousand foreigners he meets about as many will be Ten glioh m F^ixh. 
The law of large numbers depends on the assumption that the psobabiltty at 
every trial is determined completely by information available before any t r j ftV 
* ‘ Proo. Bof. 800.,’ A, rol 141, p. m 
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Bte made, as in the case of a throw with perfect dice, and is nnaSected by the 
results of previous trialB. In the present case the probability at any trial 
would be strongly influenced by the results of previous trials, and the conditions 
for the law break down. 

Analogous statements hold for the case of simple sampling. In a more 
subtle form they arise in a case mentioned by Fisher in a previous paper.* 
Suppose (a) we deliberately make up classes of 10,000 baUs each, such that one 
contains 10,000 white ones, the next 9999 white and 1 black, and so on. We 
select one of these at random and extract a sample of 30, 20 of which are found 
to be white and 10 black. We infer by the rules of probability that in the class 
sampled about f are white and the rest black, the probabilities of various 
compositions near this being distributed according to a determinate law. But 
suppose (b) that classes of 10,000 were chosen at random from a class of number 
10^°, and that we again sampled one of them and found 20 white and 10 black 
ones. In both cases the prior probabilities of the various compositions are 
the same, but for difEerent reasons. The posterior probabilities of various 
compositions of the class sampled are therefore the same in both cases. Fisher, 
since the original data are difierent in the two cases, considers it anomalous 
that the results should be the same ; but it is really no more remarkable than 
that two liquids should have the same density, which sometimes happens. 
But if we take a sample from a second class, we immediately find a difference. 
In case (a) the probability that the composition will have any particular value 
is idmost the same as before the first class was sampled ; the only change 
is that since one class, probably with a ratio near 2 : 1, has been excluded, 
the probability that the second class will yield a sample with a composition in 
this neighbourhood is slightly less than before. But in case (6) the sample of 
80 is effectively a sample fitom the whole 10^®, and its Composition therefore 
implies a high probability that the 2 : 1 ratio holds approximately in this, and 
therefore in the next 10,000, which are another sample from it. Thus tiie 
probability that the second class sampled will have a ratio near 2:1 is in 
case (h) oonsiderably increased by the first sample, whereas in case (a) it is 
slightly diminished. Fisher is quite right in 8a]ring that there is no difference 
in the result given by sampling one class, but there is a very material difference 
when we come to oaDsider a second. 

At this stage 1 offw some comments on Bartlett’s interesting paper. I have 
a suspidon tiut a chance in his sense exists only when inferred ham physical 

* *Broo. GaUb. Phil, Soo.,’ vol. 26. p. 630 (1930), 1 oonsider * more special 
problem than Piaher, but which involves the essential principle. 
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laws, xestiag already on such evidence liiat oi^er knowledge is pzaotioaUy 
irrelevant ; in otker words, that the eristeaioe of ohanoes can be infezred only 
by nsing the general theory of probability. In the tiirow of an unbiassed dice, 
for instance, the probability of a 6 is J on the supposition that the laws of 
dynamics hold, and that the probability of the rotation during 6i^t is 
uniformly distributed over a wide range. The latter assumption is an apptoxi' 
mation. In the kinetic theory of gases the estimated time needed to establish 
an approximately Maxwellian distribution depends on the supposition that 
the molecules do not begin in such paths that the relative velocities at the first 
collision are in the lines of centres ; small de\iation8 in the directions of the 
initial velocities are required to make the theory work, and the postulate is 
that within these ranges the probability of the directions is uniformly distri- 
buted. This is an approximation of the same character as for dice. The 
same may be true of the probabilities in wave mechanics. 

Towards the end of Bartlett’s paper he appears to be ai^n^ug for indefinite- 
ness as desirable in itself. 1 naturally cannot follow him here, but I think a 
useful purpose would be served in statistical work if posterior probabilities 
were estimated for the case of previous ignorance. This is usually a fair 
approximation to the truth when statistical methods are actually used, and it 
would not be prohibitively difficult to estimate the correction for the efieot of a 
different distribution of prior probability. It is only for small samples that 
the correction will be important. 

I do not follow Bartlett’s equation (27). If his (24) was expreraed in terms 
of h instead of a, the function to be made a maximum is 
A"-iexp. 

and then the maximum is given by 

24*2 (a:, - m)* - (n - 1) = 0 

which differs ftom (27) by the substitution of n — 1 for n -f 1. The fact is 
that (24) is a probability dentity, and does not give a probability till, it is 
integrated ; the difference is simply a matter of change of variable. The 
quantity whose prior probability is uniformly distributed is log h, or log «r ; 
if we take this as our independent variable, we recover Bartlett’s equation (26), 
But the change of variable makes no difference to the posterior probabiUty 
that an unknown lies between two assigned values. 

The only justification of the normal law itself, so far as I ow see, is that it 
is an approximation valid when Ihere are several independent and ooa^amble 
sources of error. I doubt whether it is ever exact. 
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The Refractive Index of an Ionized Medium 

By C. G. Darwin, F.R.8. 

(Received May 12, 1934) 

There has recently been some discussion as to the appropriate formula 
connecting the refractive index of a medium with its atomic characters,* 
in particular of whether it is the Sellmeyer formula 

( 1 ) 

or the Lorentz formula 

L = (2) 

that is related to them.f It has long been accepted that for many substances, 
in particular for transparent liquids, the L formula is correct, but there are 
other substances wliich as certainly demand a formula in S. The distinction is 
by no means trivial, and it proves a surprisingly subtle matter to find the proper 
discrimination on theoretical grounds. It will probably come as a surprise to 
most who have not studied the subject in detail (as it did at first to the present 
writer) that a question of principle of this kind should still be unsettled, when 
the main work on it was done more than fifty years ago, for it is not as though 
it were an obscure point outside the general field of interest of physicists, and, 
moreover, there has never been any doubt as to the soundness of the basic 
principles firom which one must start. 

The present paper really falls into two parts. From § 7 onwards there is 
presented what appears a satisfactory method of discussing the subject. It is 
free from the central difficulty, the consideration of the internal electric fields 
in matter, and supplies sufficient (though perhaps not necessary) conditions 
for discriminating between substances requiring the two types of formula, 
and it gives the rale for a mixture of the two kinds of substances, a result I 

* Hartreo, * Camb. Phil. Soo. Proo./ voL 25, p. 47 ( 1929) ; vol. 27, p. 143 (1932) ; * Nature,* 
vol. 132, p. 929 (1933) ; Kronig and Groenewold, ‘ Proo. K. Akad. Wetens. Amst.,* vol. 35, 
p. 974 (1032); Tonka, ‘Nature,* vol. 232, pp. 101 and 710 (1933); Norton, ‘Nature,* 
voL 132, p. 676 (1933) ; Darwin, ‘Nature,* vol. 133, p. 62 (1934). 

t To those who prefer the modem fashion of nomeneJaturo, in which everyone must be 
mentioned who has ever thought of a subject, it may be explained that the theme t>f the 
present woric is the applicability of the Mossotti-ClausiuB-Lorens-Lorents correction to the 
Maxwd]*Setlmeye^Itade theory ! 

von. oxnvi,— A. 
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believe to be new. But it was not possible to be content with these develop- 
ments without a discussion of the older methods, for the subject has been 
incorporated in the text-books, and there will be many who have regarded it 
as a settled question. Therefore it seemed proper to devote 'some space to 
the much more formidable task of criticising these older methods. The chief 
difficulty of the subject has been that it is only too easy to find arguments, 
quite as convincing as many of those always accepted in theoretical physios, 
which lead to either of the two contradictory formula). It is quite easy to see 
weaknesses in these arguments, but it is as easy to see them in the right ones 
as in the wrong. Now it is probable that for many purposes we shall have to 
continue to use such rather inadequate arguments, and so it stiemed worth 
while to see whether the discrepancies could be cleared up without a radical 
change in the method of approach. This is the subject of §§ 3 ~G, and though 
the great difficulty in getting clear-cut arguments suggests most of all the need 
for a whoUy different approach to the question, yet such arguments, in a general 
way and without any precise criteria, do show that a medium with free electrons 
should obey the S formula and one with isolated atoms the L, It has proved 
extraordinarily difficult to avoid fallacies in this part of the work, and it is 
possible that it still contains some ; if so, the feet is to be taken chiefly as 
confirmation of the necessity of having methods free from such troublesome 
subtlety. 

\ must express deep thanks to Professor D. R. Hartree for a great deal of 
valuable criticism, and to Professor E. V. Appleton for giving me much 
information about the ionosphere. 


1 — Bemew 

The general development of the theory of the refractive index may be read 
in Chapter IV of Lorentz's Theory of Electrons.” Here it will suffice to 
recall the main terms that occur, ♦ Consider first a dielectric medium com- 
posed of bound oscillating electrons. The electric field is usually analysed 
into certain parts. E signifies the field strength that would act in a pipe- 
cavity cut in the material along the line of the force ; we shall call it the pipe- 
force when the fact needs emphasis. P is the dielectric polarization of the 
medium, and from the electro-magnetic equations we find E + 47tP == p*E 
for the refractive index. The relation of P to E is the maiy). problem. It is 

♦ The ordinary units, not those of Heaviside, will be used. 
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determiaed by the atomic characters, and in the older theories the atoms were 
regarded as containing oscillating electric dipoles. This assnmption has not 
been essentially altered by the quantum theory ; in the old quantum theory 
there were “ virtual electrons/* and in the new theory it is still legitimate to 
speak of them for purposes like the present. 

In the earliest theories of refraction it was the pipe-force that was supposed 
to act on the virtual electrons, with an 8 formula as the consequence ; but 
Lorentz showed that an allowance must be made for certain other forces given 
by the mutual influences of the atoms. He separated the forces acting on a 
virtual electron into three, E + E' + by the device of what we shall call 
the Lorentz sphere, a sphere laz^e enough to contain many atoms, but small 
compared to the wave-length. E the pipe-force is, of course, not merely the 
external electric field strength, but is that strength reduced by the surface 
effects of the refractive mediuni, and to take E as the force acting on an electron 
is already to allow for the chief part of the mutual influences of the atoms. As 
to E' (though this is not quite the way Lorentz put it) it may be regarded as 
the force contributed by the atoms used in filling up the remoter parts of the 
pipe, while still leaving the Lorentz sphere vacant. Its magnitude is ^tcP, 
and we shall refer to it as the Loreniz force. E" is the force from the other atoms 
inside the sphere ; in certain important cases it is zero.'*' There results from 
the argument the refraction formula : 


+ 2 ^ (vy* — V*) ’ 


(LI) 


where N, is the numerical density of the virtual electrons of type f, and 
their charge and mass, their natural radianf frequency, and v the radian 
frequency of the incident light. 

These results apply strictly only for a medium composed of bound virtual 
electrons ; that is to say, an ordinary transparent medium with absorption 
lines and if v lies inside one of those lines, a damping term must be introduced 
which makes p, complex. A complex p. is sometimes split into its real and 
imaginary parts, of which the first is called the refractive index and the second 
the absorption coefficient,:]: but it is far more convenient to use a single complex 

♦ An exoollent discussion of these fields will be found in the paper by Hartree first cited 
above. 

t This is the number of oscillations in 2n seconds. The term frequency will always 
be used in this sense here. 

t The absorpUon obelfficient for amplitude : that for intensity is twice as great. 
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quantity, and we shall speak of this as the refractive index. With the con- 
vention that a light wave is written with the factor the index for an 
absorbing substance has its imaginary part negative. 

If we try to apply the same arguments to a conducting medium we encounter 
great difficulties. In a dielectric the discussion is helped by thinking of the 
statical case, but in a conductor this is no use since surface charges axmul the 
internal fields. On the other Land, a free electron is shaken to and fro by an 
alternating field, and so contributes an alternating electric moment, and so 
there should be a quantity of the type P for the medium. It seems reasonable 
therefore to use the same terminology as for a dielectric, and to suMivlde the 
field into the same three parts as before. This, however, is the subject of 
§§3-6. 

There is a different way of arriving at the L formula which gives it a some- 
what greater generality,* since it calls for no hypothesis about the internal 
electric fields of a medium or about its atomic structure, but is applicable for 
any law of atomic scattering. The problem is regarded as one of multiple 
scattering, in which every atom scatters all the light it rex^eives both from out- 
side and from all tlie other atoms in a spherical wave that travels away with 
the ordinary speed of light for free space. The multiple interference of all 
these waves leads to a retardation of phase which implies a refi*active index. 
The results are more general than those given in Lorentz’s book, since there is 
no restriction of the scattered waves to be of the type that corresponds to a 
virtual electron. All that is postulated is that any given type of incident 
wave evokes a definite type of coherent scattered wave, but there is no restric- 
tion as to the phase relationship of the two. The solution calls for the summa- 
tion of all the scattered waves arriving at any atom, and convergence can 
only be secured by a device that is equivalent to the use of a Lorentz sphere 
and the assumption that — 0. With this method it is seen that the 
L formtda should become applicable to the complex refractive index of a 
metal ; it is the main theme of the present paper to understand why this is 
not so. 

The subject is altogether one in which we do not anticipate any essential 
difference between the classical and the quantum theories, and as it is easier 
to carry through the work classically this has been done. I have verified 

♦ See, for example, Darwin, ' Trana. Comb. Phil. Soe.,’ vol. 28, p. 187 I would 

have preferred to use this method throughout, since it makes much less demand in the way 
of understanding the field inside a medium ; but have refrained from doing so, because 
the familiarity of Lorentz’s method makes it possible to discuss the matter more hriefiy. 
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some of the simpler results with the wave-mechanics without finding anything 
unexpected in the way of differences between the two theories. 

2 — Experimental Evidence 

The ultimate principles detennining the refractive index of a medium are 
completely understood, and so it ought to be possible by purely theoretical 
argument to give its value in any known case. No appeal to exp<jriment should 
bo necessary, or is indeed legitimate, and yet it is not out of place to review the 
information given by experiment, since it will show where the interest of the 
question lies. It furnishes fairly complete answers to the question of what 
cases call for S and what for L, and one of the main troubles in the discussions 
of the subject as expounded by various writers (the present one not excepted) 
is that it has been difficult not to believe some line of reasoning correct, not 
because of its essential soundness, but merely because it leads to a result 
agreeing with experiment. 

The general analysis of the data of dispersion of ordinary transparent 
substances makes no discrimination between whether it is S or L that is to 
be fitted in the dispersion formula (1.1). Indeed, if L has been fitted, it is 
only a matter of complicated arithmetic to find a corresponding formula for 
S with changed v^-'s and e’s. It is only if there is some other source of informa- 
tion as to the correct values of v^’s, etc., that any discrimination can be made 
from a mere study of the dispersion formula. Lor(3ntz proved the applicability 
of L for a crystal in cubic array, but since it is hardly possible to imagine that 
a (crystal could be broken into its constituent molecules without a radical 
change in their nature, such a crystal provides no test. He also applied his 
theory to an isotropic medium^ and verified its correctness in this medium by 
a comjmrison of the refractive index of a liquid and its vapour. The veri- 
fication is not, of course, exact, but that would not be expected ; for the Lorents 
formula only makes allowance for the mutual perturbations of atoms when 
their interaction is purely through light waves, and does not take account of 
the actual deformations due to close collisions, w^hich will be more frequent in 
the liquid than in the vapour. 

In transparent media the numerical difference between S and L is not very 
great, so that it is possible to think of Lorentz’s theory essentially as providing 

♦ See Theory of Electrons,” p. 138. He says ” E" =*= sP where, for each body, s is 
a constant which it will be difficnlt to determine.” I have not found in his writings ony 
more detailed diecusaion of this, and on p. 146, he takes « as aero, the vahte it would seem 
that it inevitably ought to have. 
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a correction to the older theory. But as we have seen the theory is also to be 
applied for metals and here the change certainly cannot be regarded as a oor* 
rection. For example, the index of silver for yellow light is 0‘177 — 1 3" 638, 
and from this we find S = — 14 "21 — i 1 ‘288, whereas L = 3'793 — 1 0*091. 
It is obvious that no theory could regard one of these as a correction of the 
other. It is easy, however, to see that S must be the right quantity to use, 
from a comparison of [a* with the ohmic resistance. Following the old 
theory, a.s developed, for example, in Drude’s “ Optics,” it is secin at once that 
if a is the electric conductivity in elertrostatic measure, the imaginary part 
of (A* should for low frequencies be equal to 47rtT/v. Silver is not quite a normal 
metal for visible light, but for many metals a very fair agreement can be found, 
especially in the infra-red. If one tries to make a theory working with L, 
there is no relation of this kind at all, and we may say that experiment informs 


us unmistakably that S is right for a metal. 

The other interesting case is the ionosphere. Here things are the other way 
round, for we lack any verification of our theory, but need a valid theory in 
order that we may derive from experiments information as to the density 
of free electrons at various high altitudes. It will appear in the course of our 
argument that the S formula must be used, so that the index for the ionosphere 
is of the form 


_ 1 = _ 


47cNe» 


( 2 . 1 ) 


3 — Contradictory Arguments 

The discussion of the optics of a medium containing free electrons centres 
round the question of how the charge of the electrons is neutralized by positive 
charges. The whole problem simply does not arise for an unneutralized 
electron gas ; the behaviour of such a gas lies outside the main line of argument 
and its discussion is deferred to a note at the end of the paper. From the 
mathematical point of view, as we shall see in § 7, the discussion is easy and 
rigorous when the electrons are neutralized by a uniform continuous maHinm 
of positive electricity, and this case yields the result of a formula in S. But the 
neutralization is, of course, really done by positive ions, and the difficulty is 
to find under what conditions that these are equivalent to a continuum ; much 
of the writing on the subject has taken this equivalence for granted, and so has 
really made no contribution to the problem. For the most part we 
suppose the electrons to be neutralized by an equal number of protons, whicli 
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will be supposed in fixed positions; this will represent the essence of the 
matter. 

We will now consider the various arguments that may be used to determine 
the refraction of a proton-electron gas. They are stated here without assi^ssing 
their value, since that will be made clear later. The crudest argument of all 
would say that a free electron is not a dipole and so could give rise to no 
polarization. Henct^ P vanishes, and the term E' is to be omitted from among 
the forces acting on an electron. Since E" vanishes by the isotropy of the 
gas, we have only E acting and therefore the S formula. 

It is easy to find a fallacy in this argument. A free electron des<.".ribe8 a 
succession of straight lines, interrupted occasionally by collisions with protons 
or other electrons, and under the influence of the incident light the straight 
lines become slightly sinuous. The mathematical discuasion inevitably 
considers this as a perturbation and represents it as a small term superposed 
on the unperturbed motion of the electron. This small term corresponds to an 
oscillating dipole travelling along with the unperturbed electron. The dipole 
has electric moment and so will contribute to E', and we still see no reason why 
E" should not vanish, so that the improved argument points towards a formula 
in L. 

On the other hand, it is easy to find an argument which points at first to L 
and then changes round. A free electron may be regarded as the limit of a 
bound electron when the binding force tends to vanish. If we take a term of 
(1.1) and put = 0, we arrive at an expression like (2.1), but with L on the 
left instead of S. But now we may argue that as the binding force diminishes 
the amplitude of the electron’s motion increases, so that the atom it belongs to 
will ultimately overlap other atoms or even the Lorentz sphere, and so the 
whole of Lorentz’s argument will fail. But again it is easy to turn the argument 
back the other way, for the amplitude of light waves is always to be regarded 
as infinitesimal, so that, in fact, the consequent motion is infinitesimal and will 
not make the atom unduly large. 

It is evident that such arguments are inadequate to decide the matter, 
though they do not seem inferior to many used in physics. It is easy to find 
the fallacies in such reasoning, so that by a biassed exercise of judgment one 
can believe in whatever formula one wishes. But for a proper understanding 
of the subject it is not enough only to see that the argixments for S for the 
ionized gas are better than those for L ; it is also necessary to see why those 
atgucoents go wrong for an un-ionized gas and why there S is wrong and L 
right. 
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4 — Formal Statemer^ of the DUeomut 

We will now work out the matter in closer detail. We shall suppose that 
each electron undergoes a displacement in the direction of E of length ^ from 
the position it would instantaneously occupy in the unperturbed motion.* 
Strictly speaking the ^ of each electron will be different, but we shall suppose 
that it is legitimate to take the average value for each of them ; if this is 
fallacious, the error is certainly a subtle one. There arc two ways of iiiscussing 
the force on an electron. We may either work out the force at a given place 
X, and then suppose that there is an electron at that place, or we may work out 
the force at the position occupied by an electron, making allowance for its 
shift to x + ^. In both methods the forces of both the protons and the other 
electrons must be considered, but in the first method the effect that interests 
us arises directly from the other electrons, while in the second it comes from 
the protons. Both methods are equally good, and are equivalent, but they 
must not be confustKi ; we shall adopt the second here, and so have to estimate 
the field at the place x + l. We draw a Lorentz sphere of radius a round the 
place X, and separate the forces acting on the electron at x + $ fhe usual 
three parts. In making this division we shall make the convention (which is 
the natural one for any perturbation theory) that the electrons ore classified 
according to their unperturbed positions. The pipe«force E then arises from 
all the electrons and protons outside the pipe together with the incident external 
field ; the perturbation will leave the electrons outside the pipe. The force 
E' arises from filling in the pipe while still leaving the Lorentz sphere vacant, 
but now whereas the protons are omitted from a sphere centred at x, the 
electrons must be omitted from one centred at x + The contributions of 
these more distant charges may be smoothed out and yields a force 
Here N is the numerical density of electrons or protons, and e is the charge of 
the electron. Throughout the paper e is this charge, and so a negative number ; 
the charge of a proton is therefore — e. 

Next as to the value of E", let Xj, denote the position of a proton, Xf of one 
of the other electrons. Then 


E" 


= — / y ^ 
dx { p |X„ - x-51 



e 


}. 


( 4 . 1 ) 


• Throughout the paper symbole like E, *, 5. etc., will be used in a vectorsenac. It has 
not proved necoBsaiy to iatroduee any special notation, beyond the use of J * j fiw the 
length of the vector x. 
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where the Bummation is over all the protoris in the sphere centred at and 
over all the electrons in the sphere centred at a; + We have now to take 
the average of this* Evidently the average of the second term is sero, since 
it is the force at the centre of the sphere of electrons. The first term is the 
force at a point distance $ from the centre of the sphere of protons. Now a 
spherical shell of electricity exerts no force at any internal point, and so we 
conclude that the only protons which on the average will exert a force are 
those inside a sphere of radius ^ round the origin. Since the amplitude is 
always supposed to be infinitesimal in optical theory, it is hard to see how there 
can be a proton in this sphere, and hence we should say that the first term of 
E" also vanishes. On the other hand, if it is allowable to smooth the protons 
out into a continuous distribution, then the force E" at ^ will be — 

This would be correct if it were allowable to suppose ^ so large that many 
protons were normally included in the sphere of radius but that is contrary 
to the assumption of infinitesimal amplitude for light. Briefly the dilemma 
is that, if kv stands for the operation of taking the average force, then 

At? Ltf = 0, (4.2) 

but 

Ltf Av = - ^ Ne5. (4.3) 

O 

Though both formulae are very much open to criticism, yet of the two (4.2) 
seems on the whole the more natural as may be seen from the following 
argument. When an electron oscillates in a positive continuum, in the course 
of its motion it will always be crossing to and fro over some of the positive 
eleotrioity, and this no matter how small the amplitude of its motion ; con- 
sequently the force from the positive charges in its immediate neighbourhood 
will be perpetually reversing their directions. On the other band, when the 
electron is among protons there is none of this reversal ; indeed what effect 
there is goes the other way, for as the electron moves to the right it approaches 
slightly closer to the protons on the right and so gets a stronger force from them, 
and the contrary when it moves to the left. It is for this reason that it seems 
that (4.2) is better founded than (4.3). 

We can now work out the index for either alternative. The electron under 
oonaideration is itself oscillating with amplitude ^ and frequency v, so that 
according to (4.2) it should obey 

--mv»5«e[E-f y Ne^]; 


(4.4) 
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whereas (4.3) gives 

~TOv*5=eE. (4.6) 

In both cases (x* — 1 = 47TNe^/E, so that (4.4) leads to an L and (4.6) to an 
S standing on the left side of (2.1). As we have seen the L seems rather the 
more plausible expression, but the S is definitely supported by the experi- 
mental evidence of the metals. 

6 — Tim Structure of a Dielectric 

The contradictions of the last section show that it is necessary to examine 
much more thoroughly what happens when an electron gets near a proton. 
The understanding of this will be helped by a study of the structure of a 
dielectric, and we first derive the Lorentz force for a dielectric by a different 
method from that usually given. 

Take an idealized dielectric composed of atoms,* each of which is a sphere of 
radius d, made of a uiiiform electrically polarized medium, so that each atom 
has total elecjtrio moment p, and all are pointing in the same direction. The 
atoms are fixed in arbitrary positions without overlapping, and there are N of 
them in unit volume. Acsting along the same direction there is a pipts-force 
B. The resulting field in among the atoms is highly irregular. At distance r 
from a dipole the force is of order p/r*, and r can never be a greater distance 
than from some atom, so that the irregular force is never less than Np or 
P. If the atoms are not packed very close, the field near an atom, being of 
order p/d®, may be thousands of times greater than the Lorentz force, which 
is thus the average of a quantity that may fluctuate through a very wide 
range. It will evidently be a delicate matter to argue about such an average, 
and the result may well depend on exactly how the average is taken. 

Suppose now that we have a test electron moving about, and consider what 
will be the average force on it in various places. Take first a point inside an 
atom. Here the forces arc partly those of the other atoms and the external 
field, and partly that due to the atom itself. This last force may be compared 
to the demagnetizing force inside a magnet ; it is in a direction opposite to 
that of the polarization, and is of magnitude —p/d’. We may call it the 
depolarizing force. Let F be the average of the total force from the other 
atoms and the external field. Then in the space between atoms, the mean 
force is F, but inside atoms F — p/d*. The fraction space occupied by 

* It is easy to take a more general type of atom, but the results are the same, and no 
greater insight into the process is obtained. 
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atoms is 4™i!*N and so the average force over space is F — inSp. In taking the 
test electron down the field a great distance I the work done will be 1 (F — 
and by definition this must be El. We thus have F — E + for the 
average force on an electron, the average being taken over space both outside 
and inside the atoms, but with the rule that for points inside an atom the forces 
of that atom are not to be counted as belonging to F, but are to be taken 
separately. 

It is evident that the second term of F is to be identified with the Lorentz 
force, though it seems to have arisen in a different way, for there has been no 
use of the Lorentz sphere. If we still want to use the ideas of E, E', E", we 
must slightly change their meanings. We then identify P with E + E', 
and have E" zero for all points outside any atom and — p/# for points inside, 
so that its average value works out at — ItiP, This derivation of the Ijorentz 
force brings out one important point, which may be best expressed by saying 
that the force is an average, but that the average must be honestly taken. 
For example, suppose the atoms are small though their dipole strength is large, 
and consider a straight line drawn down the field. There naay be quite long 
paths of this kind which do not cut any atom ; the mean force along such a 
path is not E -f- ^rrP, as might be expected at first sight, but E ; or one may say 
that the Lorentz force is zero even though there has been no atom on the 
path. To see how this comes about, it is only necessary to remember that the 
force of a dipole in the equatorial plane is negative, while that on the polar 
axis is twice as large and positive. If, then, a straight path is chosen to avoid 
all the atoms it will get none of the polar forces and an undue share of the 
equatorial, and that will lower the average. An actual electron will not, of 
course, describe such a straight path, and what we need is the average along 
its actual path, and this will later receive closer study. But if we wished to 
believe that it was correct to regard F as the average force for a free electron 
moving among and through the atoms it would be necessary to show that its 
actual path had an average that was “ honestly ” the space average of the 
apace outside all the atoms. We can see no reason whatever why this should 
be so, and there is thus no reason to believe that a free electron moving among 
dipole atoms will be affected by the Lorentz force. This wiU be properly 
vesfified in § 10. 

We can also see why the Lorentz force is correctly used for neutral atoms or 
mdecuIoB, as in a liquid. In this the E" is always zero, because what is 
wanted is the average value for the region in which an atom can lie. Here this 
is the region outride all the other atoms, and though we have seen that this by 
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itself does not guarantee the average force to be F, yet since there will be no 
particular preference for the equatorial planes of other atoms^ we conclude 
that, in fact, the full Lorents force will be effective. In the same connection 
it should be noticed that though we have used spherical atoms, the justification 
of 4*^? for the Lorentz force does not depend on this shape. It is the existence 
of an envelope to the molecule into which others cannot penetrate that matters, 
and this envelope may be of any form, provided that there are equal mmibers 
orientated in all directions. To establish this we examine the old produced 
by all the molecules inside the Lorentz sphere. The upper limit for the sum 
is that sphere, the lower the surface of the molecule. The force at the origin 


due to a dipole at x is 7;--- ^ and this is to be summed for all the dipoles. For 
cjrr 

an isotropic medium the sum may be averaged and replaced by an integral, 
of which the limits are the same. If now this integral is averaged for all 

^2 1 11 

orientations of the molecule, — - 'will be replaced by V* - and the result 

cjrr or 

certainly vanishes, since the origin is excluded ftom the region of integration. 


6 — The Lorentz Force for an Electron Gas 

We have seen that the I^orentz force is not to be counted as acting on an 
electron moving among dipole atoms, and must now examine the similar 
question for a proton-electron gas. In this case the whole idea of polariza- 
tion is a little artificial, aiid we may say with some confidence that what fails 
for a genuinely polarized m(Klium 'vrill also fail for one in which the polarization 
is only introduced from the ideas of perturbation theory. Nevertheless, it 
will be well to consider the point, in order to see l>etter the fallacies in §§ 3 , 4 . 
The understanding of these questions is by no means easy, and it must be 
confessed that the main conclusion to be drawn is that other principles should 
be used if we are to be quite confident in our results. Hero, therefore, we shall 
be content with indicating two points of failure of the reasoning of §§ 3, 4, 

Suppose that we have a number of free electrons more or less at rest between 
collisions. Under the influence of the light they oscillate to and fro, and we 
express their motion in two parts : as the unperturbed rectilinear motion of 
the electrons and as oscillating dipoles of strength el moving with each of 
them* In conformity with the last section the average force in regions not 
very close to one of these electrons is E + Consider the effect they 

will have on another electron B, which we shall specially choose as travelling 
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rapidly straight down the field. What we require is the difference between 
the actual averaged force and the force that would have acted if no light were 
shining. At first sight we would expect the term to be effective, but 

this would be wrong, for it would be what in the last section was called a dis^ 
honest average ; only if the proper allowance for collisions of B is made, and if 
the effect of these is separately estimated is the above the true mean force. 
Since no allowance was made in § 4 for collisions, there is no validity in its 
arguments. 

Consider another aspect of the matter. In § 4 tfio calculations were based 
on the idea that an electron under force F would have amplitude eF/wiv® and 
would act as a dipole of moment — e*F/mv*, which would contribute to the 
average field of F. Now when an electron collides with a proton the moment 
of the equivalent dipole is much altered, and so the contribution to F is affected 
and with it the whole value of F. To see this it will suffice to consider a single 
type of collision. Consider an electron moving straight down the field towards 
a proton, and colliding directly with it so as to return along the same path. 
This motion is to be compared with the corresponding motion imperturbed by F. 
It is easy to see that the effect of the collision will be to reverse the relative 
positions of perturbed and unperturbed electrorxs, so that the moment of the 
equivalent dipole is reversed by the collision. This effect is roughly analogous 
to the “ depolarizing ” effect of the last section, but we shall not pursue the 
analogy in detail It is evident that the relation of F to E will be much more 
complicated than was suggestol in § 4. 

We may sunomarize the results of the last two sections. The chief thing 
they show is that the whole method of analysis by means of Lorentz force, 
etc., demands great subtlety in its handling, and invites us to seek a betti^r 
method free from these confusing difficulties. Nevertheless, without these 
better methods we can see that there is good reason to believe that a free 
electron is influenced by the pipe-force and not the Lorentz force. The 
coUisions of the electrons with the other particles are an essential feature of the 
process. If the collisions are frequent, one may say that they make the electrons 
forget the phases of their oscillations, and this makes it easy to see that there 
should be no allowance for the Lorentz force. But it was shown in § 6 that 
even without many collisions the Lorentz force would not be effective, and it 
will be found in §9 that the frequency of collisions does not enter into the 
argument.* 

♦ In my letter to * Nature ’ {loc. cU*) 1 referred to the frequency of colIiBiona ae a con- 
dition for the annulment of the Lorentz force. Through a miscalculation (pointed out to 
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7 — The Index of an Eledron-Coniinuum Gae 

Of the many physical problems not completely soluble by mathematics 
those stand on an altogether firmer basis which can be formulated rigorously, 
for then the necessary simplifications can be made in the mathematics without 
the far greater danger and difficulty of physical intuition. One of the main 
troubles of the present subject is that for technical reasons it is not possible to 
regard a piece of matter in bulk as a true self-contained dynamical system, 
so that the methods of general dynamics are not immediately available. 
Jjorentz^s method is Newtonian in that the equations of motion of each electron 
are set down separately, but this sacjrifices the generality of Hamiltonian 
methods. The technical difficulty of using those methods lies in the retarda- 
tion of the waves arriving at any electron from the more distant ones, for 
these retarded effects cannot be put into Hamiltonian form. The difficulty 
of retardation is met by the Lorcntz sphere, but since each electron has its 
own sphere, it is still not possible to group many electrons together as a single 
system, because there will be electrons outside the Lorentz sphere belonging 
to one electron which are inside the sphere belonging to one of the others 
that we want to group with it. It is, however, easy to overcome these difficulties 
by taking a system for which retardation is unimportant, as it is for a piece of 
matter small in size compared to the wave-length. It is to be presumed that 
any shape would do, for which the potential problem has been solved (such aa 
an ellipsoid), but it is, of course, natural to choose the simplest, a sphere. 
As we shall see the consequence of this choice is, so to speak, to turn the problem 
inside out, making L the simpler refraction foruiula and S the more complicated. 
The great advantage of the present method is that we do not have to think 
at all about the internal electric fields, which are here represented explicitly by 
the mutual actions of the electrons. 

We suppose that we have a sphere of the material of radius a, containing 
many atoms but small compared to the wave-lengths, and shall calculate the 
electric moment excited in it by an external electric field of strength F sin vf ; 
this is the field acting on all the electrons, and we have not now to consider 
the nature of any internal field. In consequence of its electric moment the 
sphere scatters light of which the amplitude can be deduced from the moment, 

me by several correspondents) 1 very much overestimated the firequenoy of collisions in 
the ionosphere, and so was content with stating this as a sufficient oondition, without 
mentioning that it was not necessary. I also overlooked that with the many collisions 
** collision damping " would become important. 
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aad this amplitude can also be expressed in terms of the refiractive index, so that 
by a comparison of the two forms we can find the index. When a sphere of di- 
electric constant is placed in a static field of strength F, the moment induced 

is ^ o®F, and it is not hard to show that a simQar result holds for a variable 

(JL* -f- 2 

electromagnetic field, with [x as the {possibly complex) index. Our task is 
thus to evaluate the moment and equate it to 


2 


o®F sin v(. 


(7.1) 


We will first consider a gas composed of n electrons in a uniform continuous 
positive medium. The medium has total charge — ne, and so, since its radius 


is 0, the potential at an internal point is - t e 


3a* 


2a» 


When the electrons 


have a considerable kinetic energy they may emerge from the surface of the 
sphere for a short time, but this effect does not interest us, so we shall suppose 
that the same positive medium extends outwanis beyond a so far that there 
is no need to change the form of the potential. The equations of motion are 
of the type : 
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We thus get 
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and taking N for the numerical density of electrons, so that 


(7.2) 

(7.3) 

(7.4) 

(7.5) 


we have 



p*-l 
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mv* 


(7.6) 

(7.7) 


This verifies the earlier statement that S is the correct formula for an electron- 
oontinaum gas. l^e same result can be got just as easily by the methods 
of waye-meihanics. 
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One important fact, which can be seen from (7.2) and (7.3;, is that coUisiona 
between pairs of electrons do not need to be considered. During a collision 
both electrons are under the same external forces, and the stun of their accelera- 
tions is unaffected by the collision, so that there is no consequent radiation 
and so no effect on the refractive index. 


8 — A Medium Gomfosed of Sefitraic AUms 


We now take a medium composed of ordinary neutral atoms, for which L 
should be correct. At each atom there is a set of virtual electrons, and the 
solution is made easy by the assumption, verified afterwards, that all the 
virtual electrons of each type oscillate with the same amplitude, no matter in 
which part of the sphere their atoms lie. To find their influence on one of the 
atoms we surround it by a small sphere of radius 6. By virtue of the isotropy 
we may average the sum and smooth out the distribution of dipoles into a 
continuous distribution of polarized material throughout a volume composed 
of a sphere with an eccentric spherical cavity. There is no force from the 
polarized medium at a point inside the cavity, as may be seen most easily 
by replacing the polarization by surface charges on the outer and inner surfaces 
of the sphere ; the forces from these are seen to cancel out. Hence each dipole 
is unperturbed by the other atoms, and so the assumption that the dipoles all 
had the same amplitude is verified. 

Let be the displacement of the virtual electron of type r from its position 
of equilibrium . Then 


and so 


m 


Xr 


— + e^S sin vf, 


( 8 . 1 ) 


CyFsin vt 
m, (v^2 v») * 


( 8 . 2 ) 


Summing over all the types and over all the n,. atoms, we get moment 

S n, e,* F sin (v/ v*), (8.3) 


and replacing by ^TO®Ny we get (1.1). The formula can obviotisly be 
extended to cover absorption by including a damping factor in the denomi- 
nator of each term. 


9 — The Proton-Electron Ood 

We now come to our main problem, the index of an actual ionized gas, which 
we simplify to be a proton-electron gas. The protons are fixed in arbitrary 
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poeittoiui in the sphere of radius a, hut we shall not have to average for varied 
positions of them ; we shall get what we need by taking a dynamical average 
for the electrons’ motions without varying the protons’ podtions. The essence 
of the proof is that on account of the attractive force of a proton, an deotron 
moves faster while in its neighbourhood and so the contribution of such regions 
to any average is less and not more important than that of other regions, 
and this removes all difficulties of convergence. It will appear that all the 
dynamical averages do not depend on the adjacent proton, but only on the 
more distant ones, and since it is possible to regard the effects of these as 
smoothed out, we may legitimately replace the protons by the continuum of 
§ 7 and so obtain the S formula. 

We must, however, here consider a phenomenon not hitherto mentioned, 
that of “ collision damping.” Our system contains a force varying explicitly 
with the time and so is not conservative, and the electric moment has in conse- 
quence a component out of phase with the incident light. This is brought 
about by the collisions of the electrons with the fixed particles (here the protons), 
and is, of course, closely connected with the electrical conductivity of the 
medium. The subject will bo discussed in § 11, here it suffices to recall that 
the conductivity is yielded by supposing a slight asymmetry in the distribution 
function of the velocities of the electrons. 

Take a sphere of radius a containing n electrons at x, and n protons fixed 
at X,,. The Hamiltonian of the system is 


where 


H — S — -f- U — eF sin vt S Xf, 

t iitn s 




e* 


-f S S 


e® 


7p\zr-X,\^r>7 \x,-x,\- 


(9.1) 


The equations of motion are of the type 

8 e» 




saeFsin + S ^ i ^ - i r, 

p dxf \Xf — X,1 t*t oxf \x, — Xg\ 

and from these we get : 

d e* 

mS as/sastieFsin vi-f SS ^ I =—• 

/ f P vXf Xf — JLf 


(9.2) 

(9.8) 


We see again that the ooUisions between pairs of electrons make no direct 
oontribution to the aooderation of charge which is reqtonsible for the light 
soattcgingi and so noi» to the refraotive index. They wiB, however, have the 
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indkeot e£Eect of allowing the electrons to exchange energy and so will produce 
equipartition among them. 

We now set down the formal average of the part of the electric moment that 
is periodic in v. Imagine that the motion has been solved in terms of given 
initial conditions. Then Zf is expressed in terms of the time and of the 6n 
quantities initial co-ordinates and momenta of all the electrons. 

The periodic part of the electric moment is then, for the in-phase component 

I,Xf (ato, po ; t) sin v< di. (9.4) 

1 Jo / 


and for the component in quadrature 
2e 

— — 'Lxf (*o, po ; t) cos vtdt, (9.5) 

i Jo / 

where T is a long tim(?. 

We must next average for all possible initial conditions, and the correct 
process is evidently to average over the whole Gibbsian canonical ensemble of 
systems. The average amplitude of the in-phase component is thus 

j » (2e/T) f 2 a?/ (Xq, po ; t)sm vldl 

: hJ, (9.6) 


where Hq = 2 + U (xq) and 0 is the temperature, on Gibbs’s scale, 


at the moment the light is put ou.* The theorem of Liouville is vidid for a 
Hamiltonian containing the time, So that we may replace in this dp,**"’ 
by dx**"’ dp'*"’. We ought also to replace H, by an expression in x, p, but this 
cannot be done explicitly because our system is not conservative ; so we shall 
continue to write this factor as before. By partial integrations we can write 
(9.6) in any of the following forms, all of them useful : — 


where 


(2e/DT) j dx**"’ dp**"’ j’ dt sin vi 2 

(9.7) 

(— 2e/Dv*T) j* dx**"’ dp*®"’ j* di sin vi 2 

(9.8) 

(2e/D»»v*T) f dx<»"> dp**"’ f d« sin W 2 2 ® ^ 

J Jo / p dZf Fz — X,) 

g-H./a (99) 

D = j dx**"* dp*»"*c-®*'*. 

(9.10) 


* The eymboli etc., etgnify integration over the 3n oo-ordinateaof type «,. etc. 
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The out-of-phase compouent caa be similarly writtea in the form of (9.7) 
with — cos vt replacing sin v(, and by partial integration this can be transformed 
to 

(2c/DmvT) | di sin vi S (9.11) 

No progress can be made with these integrals in general, but we can get 
what we need by dissecting them and eHtiinating the contributions made from 
certain parts of the phase space. From (9.9) it is evident that the regions of 
collision, where Xf is near some call for examination. We define a collision 
region by drawing a sphere of radius h round each proton, and examine what 
contributions come from the part of the phase-space for which the configuration- 
space is inside one of these spheres. We impose the following conditions 
on h : — 

I. The regions of collision do not overlap one another and are a small fraction 
of the whole space. This is tlie condition a®, or, in terms of the numerical 
density, b <" N' \ This condition implies that there are hardly ever two 
electrons in collision with the same proton at the same time. 

II. The time spent by an electron in a collision is short compared to the 
period of the light ; this implies that the external force may be taken as constant 
during a collision. It is expressed by the inequality b < V/v, where V is the 
mean velocity of the electrons, 

III. The radius 6 is so large that at entry an electron has ordy imperceptibly 
greater velocity than it has at infinity. This ivS the condition h > e^j7nVK 
It is possible that some of these conditions, though sufficient, are not necessary. 

By virtue of I we may regard each collision as taking place independently 
of the rest of the electrons, so that we may suppose the colliding electron to 
be moving in a field of force arising from the central proton, the other protons, 
the other electrons, and the external field. By II the external field may be 
taken as constant, and the force from the other protons is a function of position 
only. The force from the other electrons will vary with the time and may do 
so fairly rapidly, but as they are none of them very close the variation cannot 
be important and we shall suppose that the forces from all of them can be 
compounded into a single force that may also be regarded as constant in time 
during the time of the collision. Under these conditions the electron has a 
definite energy during the collision, say, W/, This part of the phase integral 
can now be factorized into the product of a (6n — 6)-fold integral over the 
rest of the electrons and a sixfold integral over the colliding electron. We shall 
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estiinste the values contributed to the various integrals by this cnxfold integra- 
tion. 

c* 

The electron is moving with energy W/in a field of potential — — -f- U/, 

where U/ is the part due to all the other electrons, the other protons, and the 
external field. W/ is positive and U/ is supposed to be small by comparison. 
In view of the collision damping we must allow for an unsymmetrical distribu- 
tion in the sixfold phase-integral. This will arise from expressing in 

(9.8) in terms of *, p, but we cannot find the actual expression for it. Fortunately 
we do not need to, but nmy be content to write in a factor ^ (W/) -f- p/X (W,) 
which will include the dissipative effect, as is well known from the theory of 
conductivity ; x here a vector function proportional to the external force, 
but we do not require its magnitude. We shall suppose in accordance with 
III that there are only a negligible number of electrons with small energy, 
so that <l> (Wf) vanishes for small W^. We have 

p/ = 2m( W,-f (9.12) 


The integral in the denominator (9.10), thus receives firom the region of phase- 
space considered an amount 


J dp,® (W,) + p,x (W,)). (9.13) 


In the numerator (9.8) the integrand must be multiplied by — ~ - -f U/ ) 

dXf\ T } 

for the in-phase component, and by for the out-of-phn»e component 


(9.11). 


The integrations are over the inside of the sphere b in x-space, and over all 
p-space. If W, were negative, there would be values of x, inside the sphere b 
for which no value of Pf existed, and the whole form of the phase integral 
would be changed ; this is as it should be, for we expect our argument to 
fail for self-contained atoms, since we know that then the L formula is right. 
Integrating (9.13) over the directions in p-space we have 


j da:/*' 471 |2m [w, -f ^ - U,]}* m<f> (W,) dW,. 


Leaving the W, -integration, we now integrate ttiis for a^qwee. Blvpawd U, 
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in a series of solid spherical harmonics, from which the term of zero order may 
be omitted as it is included in W/. Then expand the square root as 

(w, + 17 -iU,(w, + !*)“*, 

and it is evident that aU the harmonics will vanish. The leading term can be 
integrated accurately, but a sufficient approximation in virtue of III is given 
by an expansion. Altogether the sixfold integral gives an expression 

6® . 47n»i j(2mW,)* ( 1 + f ^^ + ... ) ^ (W,) dW,. (9.16) 
For (9.8) we require to evaluate 

jW*’ - u, j 47 t {2m [w, + t- u,]}* (W,) dW„ (9.16) 

in a similar way. The only harmonic that mattos is the first, say, — GiC/, 
so that G is the mean force arising from all sources except the one central 
proton. The result is a contribution 

G . 68 . inm j(2mW,)3 (l + | ) ,1 (W,) dW,. (9.17) 

Similarly (9.11) yields 

jmj(2mW/)*^8(l + if^^^ + ...)x(W,)dW^^ (9.18) 

Now is negligible by virtue of III, and we thus see that in all three 

integrals the contribution from a collision is just what it would be, if it were 
taken over the same part of phase space but with no proton at the centre of 
the sphere. Thus in taking the dynamical average for the force on an electron 
we need not consider the effect of a very close proton, but orJy the general 
force firom the more distant ones, and this entirely removes the difficulties 
stated in § 4. (Indeed from the second order terms in (9.16) and (9,17) we 
can see that for the in-phase component the neighbourhood of a proton actually 
makes a smaller contribution to the phase integral than corresponds to its 
volume in configuration space.) If now the collision damping is negligible we 
can proceed most simply by averaging the forces from the distant protons, 
which will give a force like that of a continuum, but still leaving the electrons 
ttnaveraged. In this way the system is reduced to that of § 7, for which 
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we had S rigorously the right formula. The case where the cofiiidon damping 
is not negligible will be discussed in § 11. 

One of the most satisfactory features of the present argument is that it 
gives a natural discrimination between the case when the energy of the 
electrons is positive and that when it is negative. In the latter the whole 
argument of this section fails, and that is as it should be, for then we want an 
L formula. There is no need to study this case in detail. The formal answer 
is still (9.6), but with strongly negative energy the electrons are all bound and 
the phase integrals factorize. The calculation corresponding to (9.13) is now 
the ordinary one for optical dispersion ; to be of any use the quantum theory 
would be demanded, but we do not need to go into this here. The finding of 
a definite discrimination between the conditions under which the two formulae 
apply has been one of the hardest things in the problem. 

Our three conditions, though possibly not necessary, do, in fact, hold for the 
important case of the ionosphere. The electron density at 80 km is about 10*, 
so that I gives 6 10~® cm. At temperature 300° C the velocity is about 10’ 

cm per second, and the frequencies used are of order 10* cycles. This gives 
h < 1 cm. Also III gives b ;> 10~® cm ; so all three are easily fulfilled. For 
a metal the conditions are not quite so easy. Take a lattice of 2 X 10~* cm, 
with one free electron per atom. The Fermi limit gives a velocity 1‘7 x 10* 
cm per second and the slow’er electrons do not matter. For visible light 
V = 4 X 10^® radians per second. Then the conditions give 1, 6 < 2 X 10“* cm ; 
11, h 4 X 10~* cm ; III, 6 .> 6 x 10“* cm. 


10 — The Addition Formula for a Mixture 

When two media are mixed, for each of which the L formula holds, the 
refractive index is obtained by adding together the L’s of the two com- 
ponents.* It is interesting to enquire into the corresponding rule when we 
mix an electron gas with an ordinary gas ; we may express this by the question ; 
what is the addition formula of the refractive indices for an L-medium and an 
S*medium ? It does not matter whether we attribute the spectr um of the 
virtual electrons to the neutral atoms, or in part to the ions ; the c ha rac ter 
of the formula will be given by a mixture of a proton-electron gas with a gas 
containing virtual electrons, and for simplicity we will suppose that the latter 
are only of one type, though the generalization is obvious. 


• Lorenti, “Theory of Eleotrons,’* p. 147. 
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TaJce a sphore of radius a and let there be n free electrons as before, typified 
by co-ordinates Xf. Let there be n' neutral atoms, placed at co-ordinates 
typified by x\ each of which has a virtual electron of which the displacement 
is {a?'). In forming the potential energy of the system we take advantage 
of the previous work. We replace the protons by a continuum, and so get 

terms — S ^ ^ + 21 2 ; ^ p In accordance with § 8 we 


omit any term representing the mutual energy of the dipoles, but in doing so 
we shall have to verify afterwards that under the new conditions the dipoles 
still all oscillate with the same amplitude, independently of position in the 
sphere. The new terms that occur are those for the interaction of the free 
electrons with the atoms. The energy of interaction of one free electron with 
all the atoms is 





' X j * 


8 1 
dxy \xt — x'\ ' 


( 10 . 1 ) 


This has a strong singularity at Xf = x', and the value is at first sight as 
ambiguous as the matters discussed in § 4 ; for, in the equation of motion 
(10.1) must be differentiated, and the resulting sum vanishes if we exclude a 
small sphere round x' from the summation ; whereas if, for no better reason, 
we sum imder the sign of differentiation (10.1) leads to 

n'ee^flrla^, ( 10 . 2 ) 

which does not vanish on differentiation. 

The ambiguity is resolved by the method of the phase integrals used in § 9. 
Draw a sphere of radius b round the atom at *' and consider its contribution. 
We have to replace (9.12) by 

p,* = 2m{W,-cY-U,}, (10.3) 


where Y represents the potential of the dipole. The first point to observe is 
that if Y represents a point-dipole, there are always regions which cannot be 
entered by an electron no matter how great its energy ; this is an unnecessary 
oompliosition, and does not correspond to the actual nature of atoms. We there- 
fore suppose that the atomic dipole is represented by a uniform sphere of radius d 
of polarised matter (as in § B) centred in the sphere b which we are considering. 
Then for r < d, Y a=< px/d?, > d, Y =* px/r*, where * is written for 
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flPy — We may at once drop the general form of U/, and replace it by the 
only term that matters — Ox as in § 9. The incident energy W/ is supposed so 
great that there is no part of the atom that is not easily attained by the free 
electron ; since the dipole p is itself due to the incident light, this condition 
will be much less exacting than III of § 9. Of the two phase integrals the 
denominator goes much as before and yields the leading term of (9.16) again. 
In the numerator, corresponding to (9.16), we have to take 

f rfx"" i ( - eY + Ga;) . 47t (2m \W,~eY + Gx]}J (W,) dW,, 

J OX 
which becomes 

[G - epjl^] - . 4rrm f 4> (W,) dWf. (10.4) 

3 J 


We thus see that the contribution to the phase integral from the volume is the 
same as though there were no dipole in it but a reduction in the magnitude of 
the force from G to G — epjh^. Now since p is the electric moment in the 
volume the average of pjb^ will be n'e^^ja^, so that the force on the 
free electron is effectively G — This shows that (10.2) was right 

for the potential energy of one free electron and all the dipoles. 

If we sum (10.2) for all the free electrons we get — wVe,.Sx//a* for the force 

on the virtual electron at and since this does not depend on x\ we see the 
justification of our assumption that all the virtual electrons have the same 
amplitude. InsU^ad of writing the energy of each atom separately wc may 
simply put down that of a single one and multiply by n'. The total potential 
energy is thus 

— F sin V/ [eS */ + 



/ a® 


The kinetic energy is 

Im L i,* -f \n'mXr^- 


The equations of motion are 


( 10 . 6 ) 

( 10 . 6 ) 


m'x, = e¥sbx'^t-^ Xf — ~ S ■, — - — . — 

a® dXfi,^f\xf — Xg\ a* ^ 

for every free electron, and 

mrir - e,F sin v< - 


( 10 . 7 ) 


( 10 . 8 ) 
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for the virtnal electrons. These easily lead to 


tie* 


mv 


■jjlXf + 


nn ee. 


— ne F sin vf 


«r5f 
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( 10 . 9 ) 

( 10 . 10 ) 


ntf. ( v/ — v^) L 

Wc have to solve these and then formeS Xf 4* wliich is to be equated 

o 2 1 ' , . ^ 

toi™ • a^Fsin v/. There is no need to give the reduction, which comes 

|JL^ 2 

down to quite a simple form. If [jl' is the index which the neutral atoms would 
have if alone at the same density, so that 




( 1011 ) 


p'* -)“ 2 a* fHf (v^® — V®) ' 

and if (jt" is the index which the free electrons would have if alone at the same 
density, so that 


^ 1 




then the actual refraiJtive index is simply given by 


( 10 . 12 ) 


( 10 . 13 ) 


We may conveniently state the rules for compounding the index of a mixture 
as follows. Take the L for every type of neutral atom, and add these together. 
Form the S corresponding to this summed L and add to it the S of the jEree 
electron gas ; the result will be the S of the whole mixture. It may be jwssible 
to test this result from metals when the theory of metals is more perfect than 
at present ; in the case of the ionosphere the frequencies used are far too low 
to yield any perceptible efEect from the atoms. 


11 — Collisim Damping 

It was shown in § 9 that all the integrals connected with the interactions of 
the electrons, both in and out of phase, converged at the origin, but it was not 
there considered what the actual value of the damping would be. This 
is usually discussed on the lines worked out by Lorents!,* in which the free 
electron is regarded as the limit of a bound one, but since we know the limiting 


♦ Sea Lorente, “ Theory of Eieotrons/* p. 141. 
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process to be unsatisfactory it will be better to make a new start It is more 
natural to proceed on the lines used in the theory of electrical conductivity^ 
fay the use of a distribution function for the velocities of the electrons.* The 
general equation of transport is 

I + „ f [/(«') -/(«)], (11.1) 

ct dx m cu J 

where / (« ; a;) is the distribution function ; N' the density of the particles 
with which the electrons collide ; u* the velocity after the collision of one which 
approached with velocity u ; V the absolute velocity of approach ; p, c geo- 
metrical quantities defining the collision ; and X the total force acting on an 
electron on account of the external field, the other electrons and the protons 
or ions. 

No progress can be made in the case of a proton*electron gas, since the 
integral on the right diverges. We shall not attempt this problem, but will 
take a much simpler one, which corresponds to the practical case of the iono- 
sphere. There the neutral atoms are far more numerous than the ions, and 
we shall assume that collisions with ions are unimportant without attempting 
to estimate how far their rarity justifies this. 

We adapt (11.1) to this case. The question at once arises what is to be 
taken for X ; it is indeed primarily this question that brings the problem into 
our consideration. X is made up of the external field and of forces from the 
other electrons and protons. To deal with the last two we will again take our 
sphere of the material of radius a. For damping it is convenient to use complex 
variables, and we shall denote the external electric field strength by E, sup- 
posing it periodically variable in the time with frequency v. Superposed on 
this we have the force from the protons, which by § 9 is — ne?x/a*, and also a 
force from the other electrons. We did not need this in §9, but must find 
it now since we want to consider each electron by itself. It will be derived 
from the fact that the distribution function / depends on position as well as 
velocity. The fimction may be taken as 

f{u ; X) <f> (V) + «Ex (V), i ac ^ 1 < a (11.2) 

There will be a thin transitional region between, which we shall not study. 
This represents a sphere of electrons oscillating with amplitude 5 through the 
fixed sphere of protons. At any intenor point the force due to the electrons 
* See Lorentai, ** Theory of Electrons,’* p. 266. 
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is ««* {x — 5)/o * ; BO that the total force on an electron is 

cE — ne*5/o>. (11.3) 

There is also a condition to bo satisfied at the surface ; in detail this would 
call for the study of the distribution in the transitional region, but it will 
suffice to take the simpler condition that d^jdl must be the mean velocity of 
the electrons, or 

= I «*Ex (V) du'»> / (V) da<»'. (11.4) 

On the right aide of (11.1) we have W m the numerical density of the atoms. 
The substitution of (11.2) gives an integral which can be evaluated as soon as 
the law of collision is known. Here we oiJy take the simplest case, where the 
atom is regarded as a hard elastic sphere of radius b ; the generalization is 
easy. Then on the right we get 

^ NWVuEx (V). (11.5) 

Now 1 /N'lcft* is the mean free path, so that is the collision frequency for 

electrons of speed V ; we shall denote this by fc and for convenience shall 
suppose it averaged so that it no longer depends on the velocity.* Our 
equation thus is 

.•«dJx(V> + L (eE - ^ 5) ^ a = - «>diX(V) 

and BO 

X(V) = - (e _ ^ <i. + «). (11.6) 

Substitute this in (11.4) and on performing the integration we find 

iv5 — ■ ~ ^ 

The total electric moment of the sphere is ne^ and so we have 

jX* — 1 SR __ 

2 mtv (»v + #f) 4- ’ 

* K ii the number of collisions in 1 second, not (like v) la 2n seconds. Of course k really 
depends on the velocity, whoress the mean free path does not, because of the electrons 
high speed. It is eeiy to use this fact to improve the formula, but the result is not so 
aimpie as (11.8) and will not be given. 
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from wluch we derive* 




47rNe» 

tniv (tv + k ) 


(1L8) 


The importance of damping may be estimated for the ionosphere. The 
temperature is about 300"^, so that V is 10^ cm per second. The numerical 
density of the atoms N' is 4 X 10^^ and taking atoms of radius 2 X 10"“® cm, 
we find K 5 X 10* sec”^. For waves of 10* cycles v is 6 X 10*, and we see 
that damping may be quite important at this height. At lower heights a 
similar absorption would occur for longer waves, but there are not enough 
electrons present to make the imaginary part of [x of sensible magnitude. A 
similar calculation can be done for metals, and indicates that damping becomes 
important for visible light, but such a (calculation is of course quiUc inferior to 
one using the modern theory of electrical conduction, and so it will not be 
given. 

Note on UnnetUralized Electron Gas 


The discussion of a gas of unneutralized electrons was deferred from § 3 ; it 
is now showm that the electrons are of necessity undergoing such accjelerations 
that it is impossible to discriminate by experiment whether S or L is right. Con- 
sider a uniform sphere of initial numerical density N. An electron at radius r is 
under a repulsive force of order NeV and so obeys the equation mr NeV. 
Evidently the radius and with it the density will change considerably in a 
time of order Ai — \/(mfNe^), The number of oscillations of the light in this 
time is vVi^/Ne^), which is also l/\/(l — where (x is the index that the gas 
would be expected to have. The index cannot possibly be detennined unless 
the light goes through many oscillations during the experiment, so that 
— \i^) must be a large number, and the experiment calls for low density 
and high frequency. Even so there can be no discrimination between S and L, 
for if only a time Nt is available the resulting determination of the index must 
have the same uncertainty as it would have if the frequency wore uncertain to a 
range Av = 1/A^ which signifies that 


Hence A 


A 


1 

V(l — (A*) 



1 1 
l-fi® VI -fA*’ 


which by hypothesis is a large num ber. There is 


• This agrees with Appleton’s result : ‘ Proo, Phys. Soc.,’ vol. 44, p. 248 (1932) which is 
hal£ as great as that derived from the direct application of liorents’s fonnulax 
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1 


and- 


1 


1 


j+3;that 


evid»ay no po»ib»y of between 

xs, between S and L. 

Such reasoning as this is always open to a little doubt, for it may moxely 
prove that one has chosen a bad experiment. On these lines it is never possible 
to get a complete proof, but with one or two other devices there are also 
diflBcuIties which strongly imply that they would yield the same result. For 
example, we may take the gas in a steady state, say, emitted by a filament, and 
may try to measure the index by the retardation of phase along a path of 
uniform density. The attempt fails because the light will not go in a straight 
line ; it would be a formidable and unprofitable task to work out the details. 


Summary 

The aim of the work is to discriminate what types of medium will have a 
refractive index of the Lorentz type obeying a formula in 

L = 3((.«-l)/((x®-f 2), 

and what the Sellraeier type in S = — 1. After a review of the information 

from experiment, it is shown that reasoning of the t)fpe hitherto used can be 
made very plausibly to lead to either result for a medium containing free 
electrons. These older methods, which depend on a rather close analysis of 
internal electric fields, require the greatest care in their use and above all 
suggest the need for methods free from such subtlety, but still the dilemma 
presented by them can be resolved, and it appears correct that a medium with 
free electrons should obey S and one with neutral atoms L, though no precise 
rule of discrimination can be laid down between the two types. 

A method is developed free from most of the difficulty, since it does not call 
for analysis of the internal fields. In this the refractive index is derived fivm 
the electric moment of a small sphere of tlie medium, the size of the sphere 
being such that the retardation of the waves is negligible. It is then possible 
to use the machinery of Hamiltonian dynamics so as to formulate correctly 
the electric moment of the sphere, and by various devices the results are brought 
to a manageable form. It is confirmed that a gas of electrons neutralized 
by a continuum of positive electricity will obey the 6 formula, while a set of 
self-contained atoms will obey the L. The main problem is that of electrons 
neutralized by protons. It is shown that, subject to certain prescribed con- 
ditions, the contribution to the moment from the collision of an electron with 
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a proton is on the average the same as that from an empty region of the same 
size ; this shows that it is legitimate to smooth out the fields produced by the 
protons and to regard the protons as though they were a continuum. An 
important point in the argument is that it fails if the electrons have not a 
certain speed, and the failure leaves room for all those substances which obey 
the L formula. The conditions for the S formula are fulfilled in the ionosphere 
and in metals. The mixture of an L medium and an 8 medium is considered, 
and it is shown that the correct rule for the index is to add the S’s of the two 
media together. Finally the effects of “ collision damping ” are considered 
and previous results are confirmed. 


The Isotopic CcmstUtitioH and Atomic WeigMs of the Rare Earth 

Elements 

By F. W. Aston, FJl.S. 

(Received May 14, 1934) 

Hitherto the widest gap in our knowledge of the isotopic constitution of the 
elements has been in that part, of the Periodic Table containing the rare earths, 
A means of obtaining the? mass rays of these substances was discovered 10 
years ago.*** By this it was possible to demonstrate the simplicity of lanthanum 
and praseodymium and to obtain a provisional analysis of the complex elements 
cerium and neodymium. Beyond these the only positive result was a faint 
blurr which suggested that erbium was complex and it was decided to postpone 
further attempts until an instrument of higher resolving power was available. 

When this was constructed^ it was naturally first applied to the numerous 
problems which appeared to be of more fundamental importance so that the 
complete lack of information on elements 02 to 76 remained. 

Of recent years such information has become moi’e and more desirable* 
In order to interpret the h)rpcrfine structure of rare earth spectra some rough 
data on their isotopic constitution was clearly necessary and in October last 
experiments on other matters were set aside and efforts were concentrated on 
applying the second mass-spectrograph to the problem. This paper is an 

* Aston, * Phil, Mftg.,’ vol. 47, p. m (1924) ; vol 49, p. 1191 (1925). 

t Aston, ‘ Proo. Roy. Soc./ A voU 116, p. 487 (1927). 
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Account of the methode adopted and the results obtained* It forms a con- 
tinuation to previous communioations the last of which dealt with lead.’*' 

Experimental Arrangements 

There was no hope of obtaining stable volatile compounds of the rare earths 
60 that these could only be attacked by some method of anode rays. The 
ordinary apparatus for accelerated anode rays had already been successfully 
applied to the high resolution mass-spectrograph for certain alkali metals and 
alkaline earths which were particularly favourablef so that the first problem 
was how to improve the details of this device so as to increase the intensity of 
the rays produtml and, if possible, to gain a little more insight into the mechan- 
ism of the discharge. There is no need to detail the experiments made to this 
end which were troublesome, tedious, and on the whole disappointing. The 
form and composition of the anode, its position and that of the subsidiary 
cathode, the form of the accelerating field and numerous other factors were 
examined. Additional bulbs and electrodes were introduced and the pressure 
and intensity of the discharge varied over very wide limits. In the end it was 
concluded that the most hopeful arrangement was virtually the same as that 
originally adopted. A full description of this is available in the literature of 
the subjeetj and it will only be necessary to mention two improvements. 

The first of these consisted in the connection of a second bulb of about the 
same volume to the discharge bulb at a point remote from the cathode. This 
second bulb, which tended to steady the pressure, contained an electrode 
originally designed to act as an additional cathexie. No particular advantage 
resulted from its us(" in tliis way, but it became valuable as a test anode to be 
used in place of the working anode while suitable conditions of pressure were 
being obtained in the discharge. The second and much more important 
improvement was obtained by the provision of a glass tube containing a small 
quantity of solid iodine the vapour of which was allowed to flow continually 
into the discharge through a fine leak. As it was impracticable to control 
the supply by an ordinary stopcock this reservoir was attached by a wax 
joint and either immersed in liquid air or removed altogether when not required. 
The glass leak was carefully chosen in the first place and the rate of flow could 
be ooatroUed with the greatest convenience and delicacy by immersing the tube 

♦ Aston, * Proc. Roy. Soo.,’ A. vol. 140, p. 636 (1933). 

t Aston, ‘ Proo. Roy. Soc./ A, vol, 134, p, 671 (1932). 

X Aston, Hass-speotra and Isotopes,^ p. 66 (1933). 
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of iodine in a thermos bottle containing water at a suitable temperature. The 
discharge thus took place in pure iodine vapour at a pressure corresponding 
to a dark space of about 1 • 5 cm. There is no doubt that an atmosphere of a 
halogen is one of the most important factors in the production of anode rays, 
and the arrangement also virtually eliminated the risk of the discharge tube 
going suddenly hard. When the inflow had been adjusted to balance the 
natural loss through the cathode slit the discharge could be run with remarkable 
uniformity over long periods with little or no attention. As in the earlier 
work a salt of lithium was usually added to the anode mixture and if at the 
beginning of the run the bright red beam of its anode rays appeared one could 
be sure at least that the surface of the graphite was working properly. 

As regards the main difficulty, namely, the concentration of the beam exactly 
in the right direction, this still appears almost entirely a matter of pure chance. 
The apparatus was set up as symmetrically as possible about the axis of the 
slits and a photograph of the lithium lines taken. If the intensity of these 
was judged unsatisfactory the apparatus was taken down and any small 
tentative adjustment which suggested itself was made. This procedure was 
repeated until a good setting was obtained which could then with reasonable 
care be used for a considerable time. Thus the first was obtained in the 
middle of November and yielded the mass spectra of six rare earths before the 
deposits on the neck of the discharge bulb necessitated dismantling. The 
second in January was not so good and after some weeks work during which 
results on thulium and dysprosium were obtained another overhaul was 
decided upon. This had the most fortunate results, the setting made on 
February b, which at the time of writing is still serviceable, is the best so far 
experienced. With it the survey of the rare earths was completed and many 
other interesting analyses were made.* 

With respect to the discharge itself attempts to use high intensities were 
soon abandoned as useJess. A current of one milliampere was regarded as 
the upper limit. Fortimately owing to the adoption of a high speed pump the 
vacuum in the slit system and camera was so excellent that unusually low 
energy rays could be employed. The potential applied to the deflecting 
plate was 160 volts corresponding to about 19 kilovolts in the accelerated 
beam. The discharges actually employed were surprisingly small. Satis* 
factory effects were obtained with less than 0*6 milliampere with a primary 
current in the induction coil corresponding to 12 watts. These low values 


♦ Aston, ‘ Nature,’ vol, 138, p. 684 (1934), 
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were a great technical convenience as they allowed expoeures of indefinite 
periods without the neoeseity of any cooling devices to protect the wax jointe. 

The only change in the mass-spectrograph related to the slits employed. 
Improved vacuum technique had rendered the use of large sUts possible and 
as the object of the work was the revelation of as many isotopes as possible, 
rather than the measurement of their packing fractions, resolution was 
deliberately sacrificed to increase the intensity to the utmost possible usefiil 
limit. The slits were about 0 • 1 mm wide and made of steel. The resolution 
given was still ample for isotopes of the rare earths differing by two units, but 
where these occurred in a series differing by only one unit identification of 
faint isotopes was difficult and estimation of relative abundance rough. 

For the purpose of discovery and identification of isotopes, as has already 
been emphasized, the method of accelerated anode rays is practically ideaL 
The freedom from any trace of lines ascribable to compounds in the spectra 
obtained during this work was almost incredible. With the best settings the 
ordinary rays of the discharge were so completely obstructed by the position 
of the anode that notwithstanding the fact that the bulb was filled with pure 
iodine, an element abnormally sensitive to positive ray analysis, the line 127 
was often too faint to distinguish. In consequence of this entirely unexpected 
phenomenon it was necessary to add a trace of c«esium chloride to provide a 
standard line with which to identify the mass numbers on the rare earth 
spectra. 

Material Employed in Analysis 

From the point of view of mass-spectrum analyris purity of the material 
is usually of small importance. The most likely impurity, another element of 
the same chemical group, is generally too far away on the scale of mass to be 
of any significance. With the rare earths it is otherwise. Any outlying 
faint line must be looked upon with suspicion as possibly due to a neighbouring 
element imless and until the constitution of that neighbouring element is 
known to be such as to disprove this. It was clear that the purest possible 
material should be used whenever it was reasonably certain that the analysis 
would be successful. Luckily the method only requires amounts of a few 
milligrams if things go well and most of this may be recovered as residues if 
sufficiently valuable. The writer was fortunate in having obtained in 1924, 
through the kindness of Professor G. v. Hevesy, a presentation set of samples 
Icmn the late Auer v. Welsbach which contained salts of all the rare earths 
in the highest state of purity then available. This precious material was only 
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used when absolutely necessary. A few samples, old but quite pure enough 
for provisional work, originating from Drossbach & Co., were available throu^ 
the kindness of Professor Sir William Pope. Other sources of supply will be 
mentioned under the elements concerned. The rare earths were all added to 
the anode mixture in the form of bromides. For the photography Ilford 
“ Q ** plates were usually used, and occasionally Hilger Schumann plates. 


ResuUs 

For convenience these will be given in order of atomic number which approxi- 
mates to that in which the actual analyses were made. As the results obtained 
from the simple elements (57) lanthanum and (59) 'praseodymium by means of 
the first mass-spectrograph appeared satisfactory these were not repeated. 

(58) Ceriumr- -The two isotopes 140, 142 of this element had already been 
identified but the ratio of their abtmdance had not been measured. New 
spectra were obtained froin the cerium bromide previously used, and by means 
of these it was estimated photometrically that 142 was present to the extent 
of giving a mean mass number 140*22 ±0*06. 

(60) Neodymium ' — Borne of the bromide, made from Drossbach oxalate, used 
in the original analysis was available, and with this much improved spectra 
were obtained. The mass numbers previously identified were confirmed and 
the element shown to contain five isotopes in the following approximate pro- 
portions : — 

Mass numbers 142 143 144 145 146 

Percentage abundance .. 36 11 30 5 18 

These correspond to a mean mass number 143-6 ±0-2. 

(62) Samarium — For this element bromide made from Drossbach oxalate was 
used. Samarium is the most complex of the rare earths. The results obtained 
with the first setting showed five main isotopes and more intense spectra 
obtained later revealed two more. Photometry gave the following figures : — 

Mass numbers 144 147 148 149 150 152 154 

Percentage abundance 3 17 14 15 5 26 20 

corresponding to a mean mass number 150-2 ±0-2. 

(63) Fwroptwwir— The only source of this was the pure sample of sulphate 
prepared by Welsbach. Some of this was dissolved and treated with strontium 
bromide. The resulting solution yielded a salt which worked well as an anode. 
During its use an interesting and. unique phenomenon was observed. Under 
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the impact of the intense beam of caljxode tays tine Buxface of the anode, 
which with other elements merely got red hot, fluoresced strongly and during 
most of the exposure glowed with a dazzling blue light. This observation is 
in excellent agreement with the reports on the effect of traces of the element 
on the blue fluorescence of fluorite which were published soon after.* This 
remarkable property suggests that europium, the rarest of the known rare 
earths, may in the future be of great technical importance in obtaining visual 
effects from cathode rays. 

The mass spectrum of europium shows twin lines 161, 163. These are nearly 
equal in intensity so that their relative abundance can be measured photo- 
metrically with the maximum accuracy. The lighter isotope is slightly more 
abundant the percentage l>eing 50- 6 and 49-4 respectively. These give a 
mean mass number 151-988 i 0-006. 

(64) Oadoliniwn — This element was first analysed by means of a Drossbach 
preparation. On the spectra obtained, in addition to a group clearly due to 
gadolinium, there were two faint lines 152, 154. As their relative intensities 
corresponded to these two constituents of samarium they were ascribed to 
traces of that element present as an impurity. This conclusion was confirmed 
when a more intense spectrum was obtained from a sample prepared by 
V. Hevesy from the pure Welsbach sulphate which showed no trace of these 
two lines. Photometry gave the following figures ; — 

Mass numbers 166 156 157 158 160 

Percentage abundance 21 23 17 23 16 

corresponding to a mean mass number 157-0 ± 0-2. 

(66) Terbium — The Welsbach sample of this element was in the form of the 
brown superoxide which was easily converted by heating with hydrobromio 
add. This gave a single line of satisfactory intensity showing that terbium 
is a simple element of mass number 159. 

(66) Dysproaium — The bromide was prepared from a pure sample of the 
oxide supplied by v. Hevesy. The work with dysprosium was carried out 
during a rather poor setting of the discharge tube and the spectra obtained 
were weak. They indicate four isotopes of nearly equal abundance, the 
estimates being ; — 

Mass numbers 161 162 163 164 

Percentage abundance .... 22 26 26 28 

indicating a mean mass number 162*6 ± 0*2. 

* Haberlandt, Karlik, end Pnibtam, * Nature,’ vol. 188, p. 09 (1934). 
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(67) Hdmium — The bromide was prepared by the action of barium bromide 
on the Welsbach sample of the sulphate. It gave entirely satisfactory results 
which showed that holminm is a simple element of mass number 166. 

(68) Erbium — Erbium bromide had been prepared in 1924 for use with the 
first mass-spectrograph from an old sample of Drossbach oxalate. As this 
material had already given positive results it was used in the preliminary work 
as a convenient indicator to test the efficiency of the apparatus in its various 
settings as a generator of rays of the rare earths. The spectra obtained were 
very complex, and at one time it was suspected that erbium might contain 
even more isotopes than tin, which has eleven. On the other hand, it was 
quite probable that many of the lines were due to neighbouring rare earth 
elements present as impurities so that efforts were made to obtain the purest 
possible sample for the final analyses. A determination of the atomic weight 
of erbium had recently been made in the laboratory of Honigschmid by means 
of material purified by Prandtl Through the kindness of these chemists a 
sample of this was available in the form of the oxide which was converted 
into bromide and incorporated in the anode in the usual way. Many spectra 
were obtained, the best of which gave consistent and convincing results. These 
showed that erbium contained only four isotopes in any appreciable abundance. 
Rough estimates by photometry gave the following figures : — 

Mass numbers 166 167 168 170 

Percentage abundance . . • . 36 24 30 10 

giving a mean mass number 167 *24 ± 0-2. 

There were no indications of any neighbouring lines so that the purity of 
the sample was amply confirmed, but the isotopic constitution makes the 
value of the chemical atomic weight 165-204 obtained by Honigschmid^ with 
the same sample impossibly low. No adequate explanation has yet appeared 
for this remarkable discrepancy. 

(69) ThuKum—Bvomide made from the Welsbach sample of oxide was used 
in the analysis of this element and some trouble was experienced as the 
apparatus was not working well at the time. In the end a line of satisfactory 
intensity at 169 was obtained on a Sc;bumann plate. No trace of a companion 
could be seen so that thulium appears to be simple. 

(70) Ytterbium— The bromide was prepared by the action of barium bromide 
on the Welsbach sulphate. Good spectra were obtained, but owing to the 


♦ * Z. anorg. Chem.,’ voJ. 214, p. 97 (1933). 
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closeness of the lines the relative abundance could only be estimated roughly. 
The results are as follows 

Mass numbers 171 172 173 174 176 

Percentage abundance 9 24 17 38 12 

corresponding to a mean mass nmnber 173*3 ± 0*2. 

(71) Luledum — A sample of the pure oxide of this element was supplied by 
V. Hevesy and the bromide made from this gave good spectra showing con- 
clusively that lutecium is a simple element of mass number 176. 


Table I — Showing Constitution of the Rare Earth Elements 


Symbol 

Maas 

numbor 

Peroeniago 

abundance 

Symbol 

Maaa 

number 

Percentage 

abundance 

Symbol 

Maaa 

number 

Percentage 

abundance 

La 


139 

» 

Kti 

j 

"161 

60-6 


1 

ri66 

36 






Lir>3 

49*4 

Er 

J 

1 167 

24 

Ce 

j 

"140 

88 





1 

1 168 

30 

i 

,142 

11 



r 155 

21 


1 

^170 

10 







1 166 

23 





Pr 


141 

a 

Od 

■H 

167 

17 

Tm 


169 

a 



ri42 




158 

23 







30 



jm 

16 


1 

ri7i 

9 


J 

143 

11 







172 

24 

Nd 


144 

30 

Tb 


169 

a 

Yt 


173 

17 



145 

5 







174 

38 


1 

J40 

18 



r 161 

22 


i 

1^176 

12 





Uy 


1 162 

26 






1 

ri44 

3 


1 163 

26 

Lu 


176 

a 



147 

17 


1 

[l64 

28 







148 

14 









Sm 


149 

15 

Ho 


165 

a 






160 6 

152 26 

JIM 20 

(< = simple) 

Atomic Weights deduced from Mass-spectra 

In order to obtain these it is only necessary to correct the mean mass numbers 
for the packing effect and for change of scale. The experiments were not 
suitable to the determination of the packing fractions, but these can be roughly 
inferred from the curve. We may expect them to range from about —6 for 
the lightest to —8 for the heaviest member of the group. There will also be 
a decrease of about 2 in 10,000 for the change of scale. It is clear that a sub- 
traction of 0*09 of a unit from the mean mass number of each element will 
give the atomic weight on the chemical scale with sufScient accuracy. The 
only mean mass number known with high accuracy is that of europium, for 
both its isotopes have been detected and their relative abundance exactly 
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determined. The statistics of the isotopes of odd-numbered elements show 
that the probability of a third isotope being present in abundance too small 
for detection may be neglected. If only one line is seen the probability of a 
second isotope two units higher or lower diniiuishes with the strength of the 
line but has always to be taken into consideration in estimating the mean mass 
number. In Table II are given the atomic weights on the chemical scale 
deduced from the observations on mass-spectra and the latest international 
values for comparison. 


Table II — ^Atomic Weights 

International Maaa-Bmetrum XHSTerence 

vaiuee values 


57 

La 

138 02 

138*91 

±0-06 



58 

C« 

140 13 

140*13 

±0-05 



69 

Pr 

140-92 

140*91 

±0*06 



60 

Nd 

144-27 

143*6 

±0-2 

0*6 

62 

Sm 

150-43 

160-1 

t 0-2 

0*3 

63 

Eu 

162*0 

161-90 

± 0-03 



64 

Od 

167-3 

156*9 

±0-2 

0*4 

65 

Tb 

169-2 

168-91 

± 0-05 

0-3 

66 

i>y 

162-46 

162-5 

±0*2 


67 

Ho 

163-6 

164-91 

±0*06 

1*4 

68 

Er 

166-20 

167*16 

±0*2 

1*9 

69 

Tm 

169-4 

168-91 

±0*05 

0*5 

70 

Yb 

173-04 

173*2 

±0*2 


71 

La 

176-0 

174*91 

±0*06 

— 


The difierences are given where these are regarded as serious. It is evident 
that revision is desirable in several cases, most particularly those of holmium 
and erbium. The action of the International Committee in rh^ugin g. for 
1934, the atomic weight of Er from 167-64 to 166-20, and that of Os from 
190 • 8 to 191 • 5 is peculiarly imfortunate. The mass-spectrum data for namM im 
ate quite clear and convincing, and the value deduced 190-31* cannot possibly 
be out by much more than one-tenth of a unit. It appears that whereas the 
values previously in use were accurate enough for most chemical purposes 
the new ones are more than a whole unit out and among the worst in the whole 
table. 


Oeneral Conditions 

Elements 67 to 71 form much the largest continuous group differing little 
in their chemical properties. If there is any direct connection between the 
latter and the structure of nuclei it was just possible that some unusual i^lar- 
ity might have been detectable in their isotopic constitutions. This does not 

♦ Aston, ‘ PwKs. Roy. Soo./ A, vo2. 182, p. 487 (1931) 
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appear to occur in any marked degree. It is interesting to note that all the 
odd ones are simple, except 63, and also that the groups of fairly abundant 
isotopes dovetail into each other filling up all the available numbers with few 
isobares. The absence of these must not be unduly stressed, for element 61, 
if it exists, will provide at least one isobare and there is little doubt that many 
more isotopes exist than have been detected. The one tmiquc atomic species 
discovered in this work is samarium 144 which is the only one found so far 
which differs from its nearest isotope by three units. Which of the numerous 
isotopes of samarium is responsible for its radioactive properties, recently 
discovered by v. Hevesy, is an interesting problem which has already received 
attention.* 

In conclusion, the author wishes to express his most cordial thanks to the 
chemists mentioned who so kindly provided the valuable material with which 
the work was done. 


Summary 

Experiments are described by means of which adequately intense beams of 
anode rays of the rare earth elements have been obtained. 

The results of analysis of these by the mass-spectrograph are given providing 
a provisional survey of the isotopic constitutions of all the elements in the 
group. During the work more than thirty new isotopes have been discovered. 

Estimates of the percentage abundances of each isotope are given from 
which the chemical atomic weights of the elements are calculated. Serious 
errors in the international table of atomic weights for 1934 are indicated. 

* Curie and Joliot, ‘ C, R. Acad. Soi. Paris,’ vol. 198, p. 360 (1934). 
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Supersonic Dispersion in Oases 

By E. G. Rtchabdson, B.A., Ph.D., D.Sc. (Armstrong College, Newcastle-on* 

Tyne) 

(Communicated by T. H, Havelock, F.R.S.— Received November 9, 1933) 


Introduction 

The rapid degradation of intensity suffered by compressional waves of high 
frequency in gases was first observed by Pierce* in carbon dioxide for fre- 
quencies in the neighbourhood of 2 . 10* cycles/sec. Although in the last 
few years a considerable number of measurements of the velocity of supersonic 
waves have been made, less experimental work haa been done on the absorption. 
This present paper describes some work aimed at elucidating the mechanisiO 
of the phenomenon.! 

Consideration was fii'st given to the establishment of a source of vibrations 
of the requisite frequency. The possible apparatus reduces itself to four typos : 
(1 ) edge-tones, (2) electric sparks, (3) small resonators of gas, (4) solid resonators ; 
both of the latter types to be maintained by oscillating circuits incorporating 
valves. The frequency of an edge-tone depends directly on the velocity of 
the blast, and inversely! on the distance from the blower to the edge, so tliat it 
should be possible to produce supersonic waves by making the former very 
large and the latter very small ; in fact, Hartmaun§ has already used such a 
source. The difficulty of maintaining constant blast velocity and the com- 
plications which the blast introduces in the propagation of such waves would, 
however, have made such a source unmanageable in the present work. Nekle- 
pajevll has xised sparks as sources in the examination of the absorption in air. 
But here again the frequency is difficult to measme or to maintain constant. 
Some success was obtained by the author with gaseous Resonators consisting 
of short brass tubes terminated at one end by a brass stopper, and at the other 
end by a soap film, the distance between the two being half the wave-length at 
the frequency of excitation. The resonator was maintained in vibration by 

* ‘ Proc. Amer. Acad. Soi,/ rol. 43, p. 375 (1928). 

t For a general account and bibliography of Bupersonic*, see Hubbard, ‘ J. Aooust. 
Soc.,’ vol. 4, p. 99 (1932). 

! Richardson, * Proc. Phys. Soc.,* voL 43, p. 394 (1931). 

$ ‘ Phil, Mag.,’ vol. 11, p. 926 (1931). 

II * Ann. Physik,’ vol, 35, p. 175 (1911). 
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ft vftlve osoillator, of which the pUte was cimnected to a point electrode just 
above the soap film, while the grid was connected to the brass tnbe itself. 
Response of the resonator due to eleotrostatio attraction of the film was observed 
by the image of a glowing filament reflected firom the slightly concave film 
on to a scale. By varying the tuning of the oscillator the response curve of 
the little resonator could be obtained. 

It was hoped from such measurements to calculate both the absoiption and 
the velocity of sound in the gas (from the resonant wave-length), but the response 
was too small for effective use above 10,000 cycles/sec, although resonant 
half-wave lengths could still be detected down to 2 mm, corresponding to 
40,000 cycles/sec in air. Recourse was accordingly had to the fourth method 
in which, through the piezo-electric, pyro-electric, or magneto-strictive effect, 
a small solid is maintained in vibration by a tuned valve-oscillator. This has 
the great disadvantage as against the other three methods, that the frequency 
camiot be continuously varied. Piezo-electric quartz oscillators have been 
used by Pielemeier,* Abello.t Kneser,| and Groszmann§ for measuring the 
absorption of supersonic waves in gases. The latter employed two as nearly 
as possible identical quartz crystals, using one as the sender working through 
a very small hole to serve as “ point source ” and the other as receiver of the 
radiation, and so measured the amplitude at various distances from the source. 

Among devices for the detection of the radiation and the measurement of 
its intensity the present author has used pressure vanes, oil films, and hot-wire 
anemometers. The pressure on a small vane placed in the path of the radiation 
has been used since the inception of supersonics, but suffers from inaccuracies 
owing to the fact that the surface of the vane is usually large compared with 
the scale of the phenomenon, and is liable to produce resonance between the 
vane and the quartz. An oil film stretched on a light wire framework 
serves as a sensitive indicator of supersonic radiation. 

A film of oil for this purpose was formed on a metal ring 1 om diameter, 
placed parallel to the face of a quartz and held between its electrodes. In a 
beam of light reflected from the film, interference fringes were observed, but 
these became broader when the crystal was set in vibration. On moving the 
wystal away, a series of maxima and minima was observed in the response of 

• ‘ Phje. Rev..' vol. 34, p. 1184 (1929) ; vol. 86, p. 1006 (1930) ; vol. 38, p. 1288 (1981) ; 
vol. 41, p. 883 (1982). 

t * Phys, Rev.,’ vol. 81, p. 1088 (1928). 

t'Ana. Phyeik,’ vol. 11. pp. 761, 777 (1931)! Knew and Ztthlke, ‘Z. Phyeik,’ 
vol. 77. p. 846 (1982). 

I 'Am, PhysUt,’ vol. 18, p. 681 (1932). 
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the film, the broadening of the interference fringes being a maximum at places 
half a wave-length apart. This experiment is, in fact, the acoustical analogue 
of the device used in A.C. technology in which a line is short-circuited at its 
terminal through an instrument of known (electrical) impedance in order to 
determine, from the indications of the instrument, the characteristics of the 
line. It would be a difficult matter in the present instance to measure the 
acoustical impedance of the oil film, but the determinations of wave-length by 
this method were useful for comparison with those given by the hot-wire 
methods subsequently developed. 


Hot-wire Methods in Supersonic Investigaiiofis 

In the present research, the change of the steady resistance of an electrically 
heated nickel wire was used as a measure of the amplitude of vibration of the 
molecules of the gas exposed to the sound. This device has already been used 
by the author in a number of amplitude measurements in aerial vibrations.* 
It was found that a 0*001-inoh diameter nickel wire, heated just below red 
heat, the resistance of which had been previously balanced in a simple Wheat- 
stone bridge, would experience a small lowering of resistance, indicatfjd by a 
change of the galvanometer deflection, when exposed to an oscillating quartz, 
piezo-electrically maintained, in a chamber sealed against draughts, and lagged 
with asbestos felt to prevent reflection of the radiation. It was necessary 
to choose a crystal which did not produce air currents, such as those noticed 
by Meissner.f It was found that this “ wind ” was considerable when slabs 
of quartz whose longitudinal dimension was large compared to the lateral 
dimensions were used. 

The change of resistance which an electrically heated wire experiences when 
exposed to an alternating draught consists of two parts : (1) a steady drop of 
resistance ; (2) a change alternating with the draught ; there may also be 
variations harmonic to the fundamental frequency. The predominance of the 
latter effect is favoured by low frequency and fineness of the wire. At these 
high frequencies, the effect is almost entirely of the first kind, the alternating 
effect being a very small ripple on the surface of a large steady fall of resiatanoe. 
Moreover, it can be shown that when the temperature of the wire is STiffioiently 
high, this drop is that which the same wire would e^rienoe if exposed to a 
steady wind of velocity = 27cna where n is the frequency and a the amplitude 

♦ Richardson, ‘ Proc. Roy, Soo.,* A, vol, 112, p. S22 (1026). 
t ‘Phya. Z.,’ vol. 28, p. 021 (1927). 
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of the alternation** In the present research a nickel wire of diameter 0*001 
inch was used, heated by a current of 0*2 amp, and the calibration was effected 
by ejqming it in a horizontal position to the supersonic radiation at a fixed 
distance from the face of the quartz. It was hoped at first to measure the 
amplitude of vibration of the crystal face itself by an optical interferometer, 
but the work of several experimenters having shown considerable local varia- 
tion in amplitude across the crystal face, an indirect method was used. 

The alternating current across the electrodes was measured by a thermo- 
galvanometer at the same time as the resistance of the wire, and it was assumed 



Current in oscillator. 

i*ra. 1 — Calibration onrvm of hot-wire detector (1) in oxygen (2) in carbon dioxide. 

that in the dynamic piezo-electrio effect as in the static effect, the longitudinal 
elongation was proportional to the lateral applied potential difference. A 
method to confirm the calibration curves was devised later (vide 
Fig. 1 shows two typical calibration curves, in oxygen and carbon dioxide 
at 98 ko/sec. They correspond in shape to those obtained at audible fre- 
quencies (tjf. fig. 2 of the paper just cited). Except at the lowest amplitudes 
the relation between increase of amplitude and decrease of resistance can be 

* Kiohardson, * Proc. Roy, Soo./ 16c. «<, 
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taken eb linear. The difierence in slope is, of course, to be ascribed to the 
difference in thermal properties of the two gases. The undisturbed resistance 
served also, in “ katharometer ’’ fashion, to test the purity of the gas from 
time to time. 

The calibration curves so obtained for each supersonic source were to be 
used in two ways : (A) a direct measurement of amplitude in the progressive 
waves emitted by the source ; (B) a measurement of the pseudo-stationary 
waves between the oscillator and a rigid reflector. Both series of measure- 
ments enable one to calculate the coefficient of absorption, A: in I = as 

the radiation is propagated in the direction of increasing x. The latter method 
can also give the wave-length directly, for the distance between successive 
maxima as the hot wire is moved to and fro is half the wave-length in the gas. 
During the course of these experiments, it was, in fact, so used independently 
by Bucks and Muller* to measure the wave-length in air and hence to obtain 
the frequency of their sources. The method has, however, greater possibilities 
than this, as we shall show in what follows. 

In the second method, either the reflector may be held still, and the hot wire 
be moved between it and the crystal, or the hot wire can be stationary and the 
reflector moved. This affords a very sensitive indicator of wave-length ; 
deflections of the galvanometer connected to the hot wire could still be detected 
under circumstances in wliich no change in the current through the main- 
taining oscillator (Pierce method) could be detected. In gases like argon and 
oxygen (the latter under the proviso that the frequency is not too high in the 
supersonic gamut) the stationary waves are practically perfect sine-waves, 
since the measured damping is quite small, Assimiing this to be so, the 
measured resistance of the hot wire in such cases may be correlated with a 
sine-wave formation to act as a check on the calibration curves obtained by 
the earlier method. Results so obtained at 98 kc/aec are shown as oroases on 
the oxygen curve of fig. 1, This method of calibration was suggested by some 
earlier work of Paris.f 

A method (C) of measuring wave-lengths not involving the use of a reflector 
was found successful at the lower supersonic frequencies. This requires the 
use of two hot wires and depends on the fact that when these are spaced a half 
wave-length apart the oscillatory temperature changes in them will be exactly 
out of phase. The currents from the two hot wires are led to the two halves 
of a split primary transformer, while the current from a common secondary 

♦ * Z. Physik,’ vol 84, p. 76 (1938). 
t ‘ Proo. Phys. Soc./ vol. 39, p. 369 (1927). 
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is amplified and subsequently passed on to a beteiodyne wave meter. This 
method has been used, without the necessity for amplification, in a number of 
experiments involving periodic air currents, but it raises new difficulties in the 
present application, in that the oscillatory currents are so small, and, in fact, 
are comparable in value with the currents induced in the hot wires by induction 
from the oscillator, so tliat this has to be carefully screened. By keeping one 
hot wire still, and moving the other along the tube, with the wave meter 
slightly mistuned, waxings and wanings in the heterodyne note may bo 
observed, the maxima occurring when the two wires are one wave-length 
apart. Sorting out this temperature-fluctuation current from that due to 
direct induction is assisted to a certain extent by the fact that the strongest 



frequency in the former is double that of the crystal, or oscillator frequency, 
itself. At present, it has not been possible to use this method successfully 
at the higher frequencies, but some results at frequencies up to 200 kc/sec are 
included in the table of wave-lengths given later. 

The complete apparatus, as mounted for method (B), is shown in fig. 2. 
The quartz Q is a disc vibrating in the direction of its thickness, held lightly 
between two polished brass electrodes EE, the outer of which has a hole 2 cm 
diameter cut in it to let out the radiation. (For frequencies below 600 kc/sec 
slabs oscillating along their length wore used, the holder being modified so 
that the quartz lay between two horizontal electrodes.) This crystal holder 
is fixed to an ebonite disc which forms one cap of a glass tube 12 cm X 6 cm 
diameter. Through a gland in this cap also passes the rod carrying the hot 
wire H moimted on a fork of which the upper part is shaped to fit the tube in 
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«uch a way that it is merely carried forward or backward on turning the micro- 
meter disc M, marked in degrees. The reflector R, also of ebonite, is carried 
on the end of a rod screwed through a gland in the cap fitted to the other end 
of the tube, which also has three gas taps, Both rods, that carrying the 
reflector, and that carrying the hot wire, are tapped 60 threads to the inch and 
provided with large micrometer heads. The caps are sealed on with pioein. 
In using method (A), the reflector is removed and the far end of the tube is 
padded with paxfelt,” a sound absorbing composition of asbestos. With 
each quartz in position a test w'as made in argon to find whether any sound was 
radiated obliquely on to the sides of the tube. Such spreading was 
detected by an apparent decay of amplitude along the tube, such as should 
not be shown by a normal gas. As a matter of fact, with the fairly wide 
orifices used, spreading was appreciable only at the lowest (40 ko/seo) frequency 
in a normal gas. 



Fio. 3 — ^Measureraonts with torsion vane at 1000 kc/eeo. # Oxjgen ; + sttlphur diordde ; 
X carbon dioxide and C rutrous oxide. 


Residls of Measurements 

Five gases in turn were introduced into the apparatus at each frequency, 
viz., oxygen, carbon dioxide, nitrous oxide, sulphur dioxide, and argon. They 
were obtained as commercially available in cylinders and dried before being 
introduced ; a mercury manometer connected to the apparatus ensured that 
the pressure was atmospheric. Of the three triatomio gases, sulphur dioxide 
was expected to behave normally, while the others were known to exhibit 
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anomalous absorption. Since oxygen showed a little excess of absorption at the 
higher freqaenoieB, argon was used as a standard. Fig. 3 shows a set of measuxe- 
ments at a firequency of 1000 kc/sec with the earlier torsion vane, a light diso 
4 mm in diameter suspended on one side of a quartz fibre and taking the place 
of the reflector in the tube. It was set vertically, “ broadside on ” to the 
radiation, but was pushed back by the pressure of the latter to an extent 
recorded by a small piece of mirror attached to its rear suzfime, and by the 
usual lamp and scale. The pressure on the vane is proportional to the 
intensity, i.e., to the square of the amplitude. Fig. 4 shows similar measure- 
ments with the hot wire at 695 kc/sec plotted in logarithmic form to show that 



Via. 4 — Meastttements with the hot wire at 605 ko/Heo. • Oxygen ; -f sulphur dioxide ; 
X nitrous oxide ; O oorbon dioxide. 

the decay is only approximately exponential. The actual hot-wire measure- 
ments have been converted by means of the appropriate calibration curve, 
although they lie, as a matter of fact, almost entirely on the linear part of the 
curve. Of the two methods, the hot wire probably gives the more accurate 
results. 

The next two figures show results of the “ stationary wave ” measurements. 
I'ig. 6 shows detailed results for a few peaks at 98 kc/sec, the recorded points 
being the actual hot-wire readings, while the lines drawn give the shape of 
the stationary waves after correction for the curvature in the early part of the 



Velocity (balance points) 
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oaUln»tion curves. On fig. 6 (at 167 ko/aeo) tiie maxima and Twtnima only 
are shown, connected by dotted lines. The continuous lines give ^e genexal 
trend of these, from which the wave-lei^h and absorption oan be oabukted. 
The change of amplitude with distance in carbon dioxide and nitrous oxide is 
well marked. Occasionally, the “ Meissner wind,” already referred to, gave 
trouble, but its effect, when present, was to raise the general level of tiie 
amplitude throughout the curve. After subtracting the direct current, the 
alternating current remaining was amenable to calculation. 



Distance from source (reflector at 30 mm). 

Fio. 5 — Stationary waves at 98 ko/seo, • Oxygen ; X nitrous oxide ; O oarbon di> 
oxide ; A argon. 


We may calculate the decay factor from the shape of such curves in the 
following manner. Let us suppose that the progressive and retrogressive 
plane waves in a dispersive gas are given by the expression 

E = Be”** e* ^ g< 

so that the waves have frequency (i>/27i, wave-length and damping oc. 
Since £ = O at a; — 1 for all values of t, 


0 = Be“<*+w ' + Ce<*+'» ». 
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Therefore 

jj _ ~ e~**+*^’ e<“* 

= 2Ce'“+‘^'‘ sinh {(a + ip) (x - 1)} c‘“‘. 

Whence 

j E I* = 2A® [cosh {2a {x — 1)] — cos { 2p (® — /)}], (2) 

where A = Cle‘*. 


10 

r~ 

^-rrr^ 1 

/ \ 1 ^ ' V ^ 

/ , X ' ^ \ > 

L ^ 

\ / ' 

5 


* X . ' f ^ * 

' \ • \ / '• /' 
t 1 ' 1 \ • 

\ / \ 

\ i y 

0 


* M \ ^ 

1 d ii U 

\ 1 ' 

i 




Flo, 6 — ^Maxima and minima at 167 ko/seo. (1) Oxygen (reflector at 16 •6 mm); (2)oarbon 
dioxide (reflector at 16 • 0 mm) ; (3) nitrons oxide (reflector at 16 -6 mm) ; (4) aulpbur 
dioxide (reflector at 13'6 mm) ; 2‘5 cm from source to reflector in each ease. 

By taking a number of amplitudes at different distances (a:) along the curves, 
such as those of fig. 6, depicting the stationary waves in the gas, and sub- 
stituting them in the equation (2), together with the appropriate value of p, 
a can be calculated, a is usually small compared with p so that the tnaTimiim 
and minimum values of j E]*, as a; varies, are given by 

2A* [cosh {2a (* - 1)} + 1] and 2A* [cosh {2a (x - 1)] - 1] 

4A* cosh* {a (x — i)} and 4A* sinh* {a (x — /)}, 
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respectively. So that the amplitude in the pseudo^stationary waves varies 
between 2A cosh {a (x — 1)} and 2A sink {a {x — 1)} as x varies, and these 
same expressions give the loci of the peaks and troughs respectively. Results 
calculated from the positions and size of the peaks are given in the tables 
which follow together with some results obtained with the torsion-vane 
method. The coefficient actually tabulated is that of energy damping, 
♦.6., A: in I = lo®" ** ; A; = 2a. 

On fig. 7 are plotted the absorption coefficients for four gases. According to 
the recent extensive measurements of Kayo and Sherratt* the normal velocity in 



Fm. 7 — ^Absorption curves. O Carbon dioxide ; x nitrous oxide ; -h sulphur dioxide ; 
• oxygen. 

carbon dioxide should be 258*8 m/sec, in sulphur dioxide 209 *14. Oxygen is 
the only one of the four in which A?/n® is approximately constant, this constant 
being 2 X 10*^. 


Discussim of ResvUa 

The anomalous dispersion of supersonic waves in gases may be ascribed to 
one or more of three factors, viz., (a) lag in the transfer of energy between one 
and another of the degrees of freedom of the molecules, (b) selective or resonant 
absorption, (c) abnormal viscosity under high frequency vibration. The theory 
of the propagation of sound waves in a gas has been treated recently under (a), 

* ‘ Proc. Koy. Soo.,’ A, vol. 141, p. 123 (1933). 
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Table of Results 


tquenoy (n) 
Ira/teo 

Temperature 

*0 

Wftvedength 

mm 

Velocity at 

0® C. m/»ee 

Abeorption 
ooe^Kcient k 

Jk/n* X 



Oxygen 



42-3 

19 

7-68 

314 0 

--- 

— 

980 

18 

r332\ 

\3-3*/ 

315-0 

— 

— 

167 

18 5 

/l-95\ 

\20*/ 

316-0 

0-06 

0*2 

695 

19 

0-467 

3140 

o-i,oit 

0*2 

833 

20 

0-392 

316-2 

0-2,0-151 

0*2 

1000 

18 

0-325 

314-6 

0-3t.0-2§ 

0-2 

1240 

18 

0-262 

314-5 

0-3t0-2§ 

0-2 

1800 

19-5 

0 182 

316-5 


— . 

2200 

19 

(0-160) 

(318-9) 

0-6t 

0-12 


Carbon Dioxide 


42-3 

19 

j o * 1 

\6-25*/ 

266-7 

0 3 

165 

98-0 

18 

/2-72 \ 
l2-7^ r 

258-1 

1 

106 

167 

18-5 

J 

1*62 

261-6 

1-2 

43 

465 

20 

0*687 

263-5 

2§ 

9 

696 

19 

0-40 

268-1 

2-26, 2-6,t 2| 

4-6 

833 

18 

0*337 

270-8 

2-6, 2§ 

3-6 

1000 

18 

0-280 

270-9 

2*7t. 2§ 

2*7 

1240 

20 

0*228 

271-6 

3 ()t, 2*5| 

2 0 

1800 

19-5 

0*164 

267-8 

— 


2200 

19 

(0-122) 

(269-4) 

3.1t 

0*6 


Nitrous Oxide 


42*3 

19 

\6-26* r 

26(i-5 

0-3 

165 

98*0 

18 

/2-70 \ 

1 2-7* f 

256-1 

0*8 

77 

167 

18 

1*03 

262-1 

0*1 

36 

465 

20 

0-688 

263-9 

— 

— 

695 

19 

0-397 

266 0 

1-86, 2t 

3-8 

833 

20 

0-338 

271 0 

2-6 

3*6 

1000 

18 

0-280 

271 -1 

2-65t 

2*65 

1240 

20 

0-228 

271-5 

3*2t 

2*1 

1800 

19*5 

0-164 

267-6 



2200 

18*5 

(0*120) 

(267-1) 

3 -361 

0-7 


Sulphur Dioxide 


42*3 

19 

5-06 

207*9 


— 

167 

18 

1-296 

209*2 

0*1 

0*36 

695 

19 

0-310 

208-3 

0*8,0*6S 

0*62 

833 

19*5 

0-260 

209 1 

0*5, 1§ 

0*72 

1000 

19 

0*216 

208-1 

0 -76t. IS 

0-75 

1240 

19*5 

0-176 

209-7 

0*76t. 1-5S 

0*5 

1800 

19-5 

0*120 

208-7 



2200 

18*5 

(0*10) 

(212*8) 

Argon 

i-Ot 

0*2 

42*3 

18 

7-52 

307-8 

— 


98 

18 

3-26 

307-9 

— 

— 

167 

19 

(1-9) 

(308*0) 

— 

— 


• By double hot-mre method, 
t By tingle hot-wire method. 

{ By torsion-vene method. 

All other retulU by hot wire in stAtionaiy weret. 


F 2 
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hj Herzfeld and Rice,* Bourgin,t Kneset,} and Henry§ in connection with the 
results of supersonic velocity measurements made by various workers. The 
theory h6ui been worked out, before the recent experiments, by Einstein, || 
and, apparently unnoticed by recent writers, as early as 1904 by Jeans, 
who showed that in a gas in which there was delay in the passage of trans- 
lational into vibrational energy, the velocity of soxmd would be higher than 
normal owing to the enhanced ratio of the specific heats, if the source of sound 
has a period comparable to this “ time of relaxation/' This will, as Kneser 
points out, entail a diminishing amplitude (of phase waves). In the words of 
Hubbard, “ one may picture a gas composed of complex molecules as being 
stiffer for vibrations above a certain frequency than for those below/' On this 
theory a sudden rise in the velocity of propagation should occur when a time 
period of oscillation equal to the relaxation time is reached. Above this 
frequency the velocity should remain constant at its new value. 

The propagation of sound waves through a medium containing a number of 
rt'sonators, such as is envisaged under (6) has been examined by Belikov** 
and Kasterin,tt latter having also (jonsidered the problem theoretically. 
The absorbing medium consisted of a large number of Helmholtz resonators all 
tuned to the same frequency and mounted on a lattice ; the sound from a loud 
speaker passed through the system to fall on a Rayleigh disc behind it. Here 
again, a diminution of amplitude in the neighbourhood of resonance was 
observed, accompanied by a fall of velocity on the low frequency side of reson- 
ance followed by a sharp rise at resonance and a slow fall to normal above 
resonance — a dispersion curve characteristic of selective absorption. As 
would be expected from the nature of the phenomenon, selective absorption 
in sound is characterized by a broader sphere of influence than is the corre- 
sponding absorption in light. Even with their timed resonators Kasterin and 
Belikov found the effects of dispersion extending to 20% on either side of the 
maximum. 

As to (c) it may be remarked that we know little with respect to the behaviour 
of gases in the purely viscous damping of waves of even moderate frequency* 

♦ ‘ Phys. Rev./ voL 31, p. 691 (1928). 

t ‘ Phil. Mag.,’ vol 7, p. 821 (1929). 

t * Ann. Physik,’ vol. 11, p. 761 (1931). 

§ ‘ Proc. Camb. Phil. Soc,/ vol. 28, p. 249 (1932). 

II ‘ Ber. Berl. Akad, Wiss./ p. 380 (1920). 

^ “ Dynamical Theory of Gases,” p. 302 (1904). 

‘ Z. Physik,’ vol 39, p. 233 (1926). 

ft Thesis, Moscow, quoted in Mulior-PouilJet’s “ Lehrbuch der Physik,” vol 3, p, 40e 
(1929). 
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Even if a gas liolds to the Kirchoff formula in respect that the decay of ampli- 
tude is proportional to the square of the frequency, the actual coefiScient is, 
in every gas which has been investigated, greater than Karchofi’s value. This 
is not surprising when we consider that we hetve no reason to suppose that the 
“ coefficient of viscosity ” to high frequency alternations must be the same as 
that, as usually measured, in uni -directional flow. 

Considering the present results in the light of these three hypotheses, the 
rise in the velocity of propagation in the neighbourhood of 200 kc/sec shown 
by carbon dioxide and nitrous oxide is undoubtedly in favour of the Jeans 
relaxation-time theory. On the other hand, the velocity is not maintained 
at this value at liigher frequencies, and the absorption coefficient is still far 
above normal up to the limiting frequency at which measurements are possible. 
There are, in foot, strong indications of a resonant frequency a little above the 
limit, say, at 5 x 10® cycles/sec. The slight rise in velocity followed by a 
rapid fall parallels the early part of the dispersion curve obtained by Kasterin 
with the Helmholtz resonators. If resonance exists, the cuirve would, of 
course, again cross the nonnal velocity at tlio resonant frequency, while the 
absorption should fall subsequently to that duo to thermal agitation alone. 
As the latter is a very imcertain quantity at these high frequencies it does not 
seem fair to subtract the Kirchoff absorption from the measured values and 
to call this excess the value of the molecular absorption ; but we can compare 
the absorption shown by the anomalous giises with a normal one like argon, 
or the nearly normal oxygen. With regard to the latter, its absorption co- 
efficient is about double of that of the Kirchoff constant over the range 
investigated, while the trend of its velocity and absorption curves seems to 
indicate the beginning of abnormality at 2 x 10® cycles/sec. At this frequency, 
the corresponding curves of carbon dioxide and nitrous oxide have far to go 
before returning to normality. 

If such selective absorption is taking place, it is at frequencies considerably 
lower than those which have up to the present been considered possible. 
Considerations of the mean free path of the molecules would point to resonance 
in the neighbourhood of 10^^ cycles/sec at ordinary pressures, instead of lO’^. 
Some experiments of Altberg®' should be cited in this connection. He measured 
the absorption of high frequency soimd in smokes of which the molecular 
density was much greater than that in a gas, and would be expected to 
show selective absorption at a correspondingly lower frequency. The trend 
of the absorption curve closely paralleled those given in this paper for gases at 
• • Phys. Z./ vol. 26, p. 163 (1926), 
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higher frequencies, and leads one to suspect selective absorption in the present 
instance at about the frequency named. It is unfortunate that the most 
interesting features of these results appear at such high frequencies, where 
measurements are admittedly difficult, but by varying the temperature and 
pressure it should be possible to transfer the selective absorption to a frequency 
more amenable to treatment. 

Whatever explanation we choose to adopt of the marked diminution in 
amplitude suffered by supersonic waves in such gases as carbon dioxide, it is 
interesting to speculate on the fate of the kinetic energy which “ disapiiears.” 
Is it all absorbed in molecular motion as heat, or is some of it re-emitted or 
scattered ? Kneser* thinks that some of it may reappear as light quanta. 
Evidence was found by the present author for scattering of the radiation. 
Firstly, if the reflector ex]>eriment8 are repeated, using an artificially roughened 
reflector so as to scatter the radiation that falls on it, a marked smoothing of 
the anti nodal peaks occurs in oxygen as the distance of the reflector from the 
source is increased. On the other hand, little change is produced in carbon 
dioxide and nitrous oxide when the scattering reflector is substituted for the 
plane one. From this one concludes that in the latter gas scattering by the 
gas itself is already taking place and is increased but a little by the superposed 



Lateral distance 

Fia. 8 — Lateral traverscB at 167 kc/sec. • Oxygen ; O carbon dioxide. 

artificial scattering of the reflector. Secondly, traversing of the hot wire ftova 
side to side of the tube, at a distance sufficiently great to avoid the region close 
to the quartz face, showed a spreading of the radiation in carbon dioxide, much 
greater than in oxygen or argon (c/. fig. 8 where cross plots of hot-wire readings 
at 2 cm from the face of the 167 kc/sec quartz in the two gases are given). 
From these two experiments we conclude that the observed diminution in 
amplitude in carbon dioxide is due to dispersion in the complete nexm, 

♦ * Ann. Phyuik,* vol. 16, p. 847 (1988). 
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to both scattering and absorption of energy on the part of the molecules* 
This leads one to another aspect of the behaviour of these anomalous gases, 
viz., that the molecules of the gases in which these effects are most marked 
are all notably anisotropic. They are, in fact, just those which, in view of their 
liuiited degrees of freedom, show the Raman effect and allied light scattering 
phenomena most readily. Both effects are, for example, strong in carbon 
dioxide and nitrous oxide, less in sulphur dioxide and oxygen, negligible in 
argon. 

As to the possibility of a change in wavedength during scattering, this, if it 
existal, would be difficult to sort out from true absorption. Thus, if an 
original S.H.M. after dispersion consists of a group of waves covering a small 
interval of frequency, we should need to take our equation (2), and allow ^ 
in the second term to vary within narrow limits, so that the resulting measured 
velocity would be that of a group. The net effect of true absorption and inter- 
ference of this ty|>e on either stationary or progressive waves will be rather 
similar to that of absorption alone. Each will produce, in progressive waves, 
a steady diminution of amplitude, and in stationary waves, a smoothing of 
the peaks. With the accuracy at present availablfe, the hot wire apparatus 
could not disentangle the two effects. 
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Summary 

The propagation through various gases of supersonic radiation emitted by 
piezo-electrically maintained quartz crystals is examined experimentally. 
New methods involving the change of resistance of an electrically heated wire 
exposed to the radiation are developed, enabling the wave-length and amplitude 
of the gaseous vibration to be measured. The method of calibrating the 
apparatus is also described, and the results compared with those obtained 
by older methods. The anomalous dispersion and absorption shown by certain 
gases is critically examined, and suggestions put forward to account for it. 
Bvidenoe is adduced to show that some of the radiation “ absorbed ” is scattered 
hy the gas. 
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Introduction 

The oxidation of gaseous hydrocarbons has long attracted considerable 
interest on account of its theoretical and practical importance. Early work 
was concerned entirely with the identification of the products of oxidation, 
and the postulation of plausible intermediate steps in their formation. As a 
result of such work Bone* and his collaborators suggested the so-called 
hydroxylation theory/’ which involved the orderly formation of hydroxyl 
compounds during oxidation, and their subsequent decomposition or further 
oxidation. This theory gives an excellent explanation of the intermediate 
and final products formed in the oxidation of most simple hydrocarbons. 

As far as the mechanism of the actual oxidation process is concerned, little 
progress was made until th(? development of the idea of thermal chain reactions. 
It is now generally conceded that the oxidation of most gaseous organic com- 
pounds proceeds by a chain mechanism. The main problem at the present 
time is to obtain some definite information regaiding the carriers of the chains. 
One of the most useful attempts in this direction is the peroxide theory of 
Egerton,t in which it is assumed that the initial step in the oxidation of organic 
compounds is the formation of an energy-rich complex with oxygen, which is 
called a “ peroxide.” Whether such a complex bears any real relation to 
actual stable alkyl peroxides is quite unknown. 

There have been several attempts to formulate more detailed mechanisms 
of the chain process and the products formed. One of the most useful of 
these is that of Bodenstein.J The main trouble at present is that aU these 
schemes are necessarily highly speculative in the absence of definite information 

* Bone and Drugman, ‘ J. Chem. 8oc.,’ vol, 89, p. 876 (1906) ; Bone, Drugman and 
Andrew, ibid., vol. 89, p. 1614 (1900) ; Bone and Drugman, ibid., vol. 89, p. 660 (1906). 

t Egerton and Gatos, ' Froc. Roy. Soo./ A, vol. 116, p. 676 (1927) ; Gallendar, * Etkginesr- 
ing/ vol. 123, p. 147 (1927). 
t * Z. phys. Chetn.,’ B, vol. 12, p. 161 (1931). 
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wgarding the carriers of the chains* It is quite possible that the carriers in 
the oxidation of saturated and unsatuxated hydrocarbons are entirely difEerent ; 
and indeed there is no unequivooaJ proof that the carriers in any one reaction 
are the same as those in any other. It is known that in certain reactions we 
may have “ sensitized oxidation of gaseous hj^ocarbons. Thus Spence and 
Taylor* found that the oxidation of ethylene is largely accelerated by the 
addition of ozone. The fact that a substance will act as a sensitizer does not, 
of course, prove that it was in any w’ay involved in the original mechanism. 
However, any substance which acts, or which furnishes products which act, as 
chain carriers must act as a sensitizer of the oxidation. It is therefore possible 
to attack the problem by the elimination of those substances which will not 
affect the rate of reaction. In addition, experiments on the oxidation of 
mixtures are of interest from tlie point of view of the specificity of energy 
excliange between molecules in such reactions. 

There is a considerable body of evidence to show that aldehydes and their 
oxidation products play a considerable part in the oxidation of saturated 
hydrocarbons.f In fact Bono and Hillt showed that the addition of acetalde- 
hyde to ethane-oxygen mixtures earned “instant inflammation/’ It seems 
possible that they may be of importiinco in the oxidation of unsaturated 
hydrocarbons as well. The oxidation of ethylene is particularly easy to 
investigate since it is practically independent of the nature of the wall. An 
investigation is therefore being made of the oxidation of ethylene in the presence 
of certain substances. The present paper deals with the oxidation of ethylene- 
acetaldehyde mixtures. 


ExperimefUal 

Apparatus — Reaction velocities were followed in the usual way by observing 
the rate of pressure change in a system at constant volume. The reaction 
vessel was of fused silica and had a capacity of about 126 c.c. The apparatus 
was similar to one which has been used in a number of previous investigationd. 
The dead space was about 2% of the volume of the reaction ve8sel.§ The 
required temperatures were obtained by means of an electric furnace of the 
type previously described. To secure uniformity of temperature and ease of 
regulation the reaction bulb was placed in the tube of the furnace and packed 

♦ * J. Amer. Chem. Soo./ vol. 62, p. 2S99 (1980). 

t See eepeoiidly Pewe, ‘ J. Amer. Chem. Soc./ vol. 61, p. 1839 (1929). 

t ‘ Proo* Roy. Soo,/ A, vol. 129, p. i34 (1930). 

J Steaoie, ' Can. J. Rea./ voL 6, p. 266 (1932) ; ‘ J. Phya. Chem./ vol. 36, p. 1662 (1932). 
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in with nickel shot. The temperature was hand regulated and oould be 
maintained constant to within ±0-5° 0. Temperatures were measured 
with a chromel-alumel thermocouple in conjunction with a Cambridge thermo- 
couple potentiometer. The thermocouple was checked at the boiling points 
of water and sulphur. 

Materials — Ethylene, was obtained in cylinders from the Ohio Chemical 
and Manufacturing Company. It was stated to be 99-5% pure. Analysis in 
the usual way showed it to contain 99-6% C,H 4 . 

Oxygen manufactured by the liquid air process, was obtained from cylinders. 
It was dried over phosphorus pentoxide. Analysis showed it to be %% 
oxygen, the remainder being nitrogen. 

Acetaldehyde was obtained by the addition of sulphuric acid to a highly 
purified sample of paraldehyde. The resulting acetaldehyde was then 
fractionally distilled.* 


The Oxidation of Ethylene 

The kinetics of the oxidation of ethylene have been investigated recently 
by Thompson and Hinshelwood.f who found that, except when ethylene was 
in excess the main reaction was 

C,H4 + 20j = 2CO + 2H,0. 

The rate of reaction depended greatly on the concentration of ethylene, but 
was more or less independent of the oxygen concentration. The reaction 
was suppressed somewhat by packing and the effect of inert gases was small 
and suggested short chains. Thompson and Hinshelwood suggested that the 
initial step is the formation of an unstable peroxide. If this reacts with ethylene 
the chain is propagated, while if it reacts with more oxygen the chain ends. 
In the present investigation a considerable part of the work of Thompson and 
Hinshelwood has l)een repeated, in order to serve as a basis for comparison in 
later experiments with added substances. 

The Pressure Change Accompanying the Reaction — Thompson and Hinshel- 
wood found that the rate of pressure change in the reaction was approxi- 
mately proportional to the rate of disappearance of ethylene (except where 
ethylene was in excess). Consequently the use of pressure change as a measure 
of the rate of oxidation is justified. 

* We are indebted to Mr. C. T. Mason of this LabotaUay for the sample of aoetaldehydo. 

t ‘ Proo. Roy. Soo.,’ A, vol. 125, p. 277 (1927) ; see also Lenher, ‘ J. Amer. Chem. 8oo..‘ 
vol. 53, p. 3737 (1931). 
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At oompletion they found that the pressing increase was 58% of that required 
by the reaction 


CaH4 + 20a == 2C0 + 2HaO. 


The present investigation has been limited to : 20a inixtures. The total 
pressure change at completion is in good agreement with the values obtained 
by Thompson and Hinshelwood, as shown in Table I» 


Table I 



Imtial 

PresDure 

Per cent, inoroaae at 
completion relative to 

Tempt^mture ° C 

cm 

0, 

mn 

initial partial preasure 
of 

452 

8-0 

150 

54 

452 

10 0 

20’ 1 

54 

452 

124 

24-8 

57 

452 

0-8 

13 6 

57 

430 

14-5 

290 

55 

430 

13 8 

27-6 

53 

430 

5-3 

10-6 

52 

430 

ll'O 

22 0 

52 


The Pfoduds of Reaction — Some typical analyses are given in Table II 
and are compared with the results of Thompson and Hinshelwood. 


Temperature ° C 


CO, 

CO 


0 . 

C.H, 

Eocfidue (partly N,) 

oo/co, 


Table II.--CaH 4 + 20^ 

Authors 


452 

452 

170 

16 0 

41 0 

39*0 

20 0 

190 

20 

1*7 

20*0 

24*3 

2*35 

2*44 


Thompson and Hinahelwood 


450 

409 

16*95 

18*6 

49*2 

69*6 

12*65 

2*0 

12*96 

1*0 

8*3 

18*6 

2*90 

3*22 


The general trend of these results is in agreement with those of Thompson 
and Hinshelwood, though there are certain discrepancies. In general we 
find rather more oxygen left at the end of the reaction, but obtain rather lower 
CO/CO| ratios. Since, however, in either investigation only about 55% of 
the theoretical pressure change for CjH 4 + 20j = 2C0 + 2H,0 is obtained, 
minor variations in the products formed are not of very great significance. 
The Rate of Reaction — Some typical pressure-time curves are given in 
fig. 1 , and the data ate given in Table III. 

It will be seen that at the temperatures employed the induction period is 
not very marked. 
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Table III.— Typical Pressure-time Data. + 20^ 462* C 

Initial Partial Pressure of Ethylene, cm 


12'4 lO-fi 8-3 6-8 6*4 


Time 


Time 

JP 

Time 

JP 

Time 

JP 

Time 

ip 

ming 

cm 

minB 

cm 

mimi 

cm 

ming 

cm 

ming 

cm 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

i 

0*55 

i 

0'20 

1 

014 

i 

006 

1 

0*0 

1 

M2 

1 

0-48 

2 

0-46 

1 

0 12 

2 

0*03 

2 

2-/)7 

2 

1*80 

3 

102 

3 

0‘58 

3 

0-20 

3 

4-00 

3 

2-73 

5 

2 00 

5 

1-24 

5 

0-63 

5 

r>*80 

4 

3-88 

7 

2-82 

9 

2 32 

7 

0*96 

6 

8-25 

5 

4-34 

9 

3*40 

10 

3-34 

9 

J-29 

8 

8*80 

8 

4-83 

11 

3-80 

25 

3-77 

U 

1*81 

12 

7-04 


— 


— . 

37 

3*90 

13 

1*91 

18 

7-08 

— 

— 



42 

3-90 

18 

2*25 



Fio. I. — ^Typical prossure-time curves for C«U 4 -f- 20|, 462® C 

Ab is usual in combustion reactions of this type the eSeot of pressure on the 
rate of reaction is high. As the data in Table IV show it leads to an apparent 
order of about 2-5, which is slightly smaller than that found by Thompson 
and Hinshelwood at corresponding temperatures. 

ISxperiments carried out between 400 and 480° C showed that no critical 
pressure limits existed. As the temperature or pressure was raised the rate 
of reaction increased progressively until inflammation occurred. Thus with 
IC 2 R 4 • 20 j mixtures explosions occurred if the total pressure were above 
21 cm at 476°, or above 42 cm at 460° C. The efliect of added nitrogen was 
very small. With lCgH 4 : 20^ : 2Nf mixtures there was a slight retarding 
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effect, which was, however, not much greater than the experimental error. 
This presumably indicates a comparatively short chain length. 

The surface had little effect on the rate of reaction. Fresh surfaces which 
had not been cleaned, old surfaces, or surfaces cleaned with aqua regia showed 
no appreciable difference. It was usually possible to remove reaction bulbs, 
clean them and replace them, and then check previous runs to within the 
experimental error. 

In general the results of Thompson and Hinshelwood have been confirmed. 


Table IV 


C.H 4 


Temperature 462“ C 



1 10 
minH 

T 


preesure 

om 

^ so 

mina 

A 40 

mins 

Order 

6-4 

S‘() 

n -1 

16*3 ) 

1 

6*6 

6-3 

7-6 

IM 


71 

6 ] 

7 1 

9-8 

L 2*8 

S-3 

4-3 

6-2 

8-7 , 

101 

3-4 

4-6 

6*3 


10*4 

1-9 

2-8 

3-9 J 

1 

C,H4 

pressure 

cm 


Temperature 430® C 



Tif 

mins 

mina 

Too 

mina 

Order 

5*3 

26-2 

36 2 

49-4 


6*6 

16-0 

21 2 

31-4 

1 

SI 

9*9 

14-7 

23-0 


11-0 

6-5 

9-3 

14 2 

K 2*7 

12*6 

4-9 

7-7 

12*6 


13S 

4-1 

6-9 

9*2 

1 

14*5 

3-0 

4-4 

0*9 



The OxidcUion of Acetaldehyde 

The oxidation of acetaldehyde has been investigated only at low tempera- 
tures.** There seems to be little doubt that the initial step is the forxnation 
of a peroxide or peracid, which then oxidises or decomposes. Between 300 
and 350^ C the reaction occurs practically instantaneously, and is always 
entirely complete in less than 2 minutes. For a ICHjCHO + 2 O 2 mixture at 
462^ C, explosions occurred if the pressure were greater than about 27 cm. 
The lack of inflammation at lower pressures is rather surprising in view of the 
general charaoteristios of the reaction at lower temperatures. 

♦ Bodensteia, ‘ SiUBer. pceuas. Akad. Wisa.,* No. 3, p. 73 (1031) ; Hatcher, Steaoie, and 
Howlandt *Oa»u J. Rea,* vol. 7, p. 149 (1932); Pease, * J. Amer, Ckiem. 8oc„* vol 35, 
p. 2753 (1983). 
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At these temperatures the pressure increase at couqsletion for a 1 : 2 mixtare 
was about 60-60%. Some typical analyses at completion for a 1 ; 2 mixtare 
at 462° C are given in Table V. 

Table V. 


CO, 

0 / 

CO 

0/ 

O ■ 

Kti«idue (partly N,) 

o, 

CO/CO, 

% 

JO 

JO 

,0 


23 

10 

67 

9*0 

0*043 

24 

1-6 

60 

8*6 

0*062 


Prom the point of view of the experiments described in the next section, it is 
evident that at high temperatures the oxidation of acetaldehyde may be 
considered to be virtually instantaneous. 


The Oxidation of Mixtures of Ethylene and Acetaldehyde 

In all the following runs the mixture employed was approximately 
1(CA + CHgCHO) + 20j,. Inasmuch as the rate of oxidation of ethylene 
is very little influenced by the oxygen concentration, any effect of the acetalde- 
hyde in changing the effective oxygen concentration for the ethylene oxidation 
will be negligible except at high aldehyde concentrations. In the first series 
of experiments mixtures of ethylene, acetaldehyde and oxygen were made up 
externally and introduced into the reaction vessel. The data for a typical 
run are given in Table VI. 


Table VI. — Temperature 452° C, initial partial pressures — C,H4=!9'06 cm, 
OHjCHO = 0-89 cm, O, = 21 -09 cm 


Time 

Preasure 


corrected for 

relative to 

mins 

cm 

cm 

oxidation 

initial partial 

0 

31 03 

0*00 

ofCHjCHO 

pressure of CgH, 

i 

31*68 

0*66 


— 

1 

32*10 

1*07 




It 

32*61 

1*68 

1*14 

12*6 

2 

32*93 

1*90 

1*46 

16*1 

3 

33*68 

2*66 

2*21 

24*4 

5 

34*54 

3 61 

3-07 

38*8 

7 

36*08 

4 06 

3*61 

40 0 

9 

36*33 

4*30 

3*86 

42*6 

11 

36*43 

4*40 

3*96 

43*8 

16 

36*63 

4*60 

4*16 

46*0 

20 

35*73 

4*70 

4*26 

47*1 


T 40 7-0 minssT,, 

for correaponding C,H 4 - 0 , mixture «« 

7*4 mine. 


The values in the fourth column of Table VI ate obtained by ft—nining that the 
acetaldehyde is completely oxidized in 1} minutes, and that the pressore 
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inoroaae firom this cause is 50% of the initial aldehyde pleasure. The actual 
values for the pressure increase at completion as obtained in the last seotion 
were from 50-60%. The uncertainty thus introduced into the value of ^40“ 
not more than 0-6 minutes. 

A summary of the data for various experiments is given in Table VIL 


Table VII.— l(CaH 4 + CH,CHO) + 20, 

Partial prefBBurofi 


Temperature 

OH,CHO 


T,o 

Tgo for correaponding 


C,H4 

mlrm 

mixture 


cm 

cm 


mina 

430 

0*34 

2-49 

Veiy slow 

Very alow 

430 

059 

4-24 

30*0 

36*0 

430 

0-76 

5-47 

26*8 

25*0 

430 

1-82 

6*00 

10*4 

20*0 

452 

0-92 

9*38 

8*3 

7*0 

452 

0*89 

9*05 

7*0 

7*4 

452 

0-98 

H 10 

6*1 

6*2 

452 

2-70 

900 

Exploded 

7*4 

452 

250 

8*70 

Exploded 

7-8 

452 

1*88 

8 00 

9*8 

8*9 

452 

1-83 

5*85 

11*5 

13*0 

452 

2-26 

7*27 

6*6 

9-9 

452 

2*60 

810 

Exploded 

8-7 


In order to make certain that the presence of the ethylene did not aiSeot 
the acetaldehyde oxidation by an “ inert gas ” effect, a series of runs were made 
with a l(GH,CHO + N,) + 20, mixture, using nitrogen pressures com- 
parable with the ethylene pressures used above. These showed that there 
was no appreciable effect. 

It is evident from the above experiments that unless the acetaldehyde 
pressure reaches about one-third that of ethylene, the oxidation of the ethylene 
is in no way affected by the presence of the aldehyde. At high aldehyde con- 
centrations an accelerating effect comes into play at 430° C, and becomes 
marked enough to lead to explosions at the higher temperature. The fact 
that the ethylene oxidation is not in general influenced by the presence of 
acetaldehyde is shown conclusively by the following experiments : at 430° C 
an ethylene-oxygen mixture was introduced into the reaction vessel, after 
reaction had proceeded for 1*6 minutes, acetaldehyde was introduced. The 
data are given in Table VIII. 

In Table VIU data for three runs are given, for each the initial conditions 
were identical. In run 1 a comparatively large amount of acetaldehyde was 
added at the end of 1 *6 minutes, in run II about half as much aldehyde was 
added, and in run III no aldehyde. If the added acetaldehyde is oxidized 
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independently, without allecjting the ethylene, then after, say, 6 minutes the 
values of AP for the three runs should differ by a constant amount. The 
differences in the last two columns should indicate merely the amount of 
added aldehyde plus the pressure increase accompanying its oxidation. If, 
however, the acetaldehyde exerts an accelerating effect on the oxidation of 


Table VlII.--^Temperature 430^ C, ICjH^ + 20^ 
I II III 


Timt* 

- 

7-3S cm 

- 

7*46 cm 

O.H*- 

7 ■ 40 cm 



xnina 

0, - 

1 4 ■ 75 cm 

0 j ^ 

14'91 cm 

0. - 

14-80 cm 

(IH3) 

(2H3) 


Pres Hurt* 


Pressure 

AV 

Pressure 

^P 




cm 

(1) 

cm 

(2) 

cm 




0 

22 13 

0-00 

22-37 

0 00 

22-20 

0-00 



O-fi 

22 15 

0-02 

22-37 

0-00 

22-20 

0-00 

— 


1 

22 17 

0-04 

22-37 

0-00 

22-20 

0-00 

— 

— 

16 

(CHaCHO added) 

(CHaCHO addtHl) 

(NO CHgCHO 

— 







added) 



2 

20-02 

3-89 

24-06 

1-68 

22-24 

0-04 

— 



26-72 

4'69 

24-69 

2 22 

22-29 

0-09 

— 

— 

5 

27-60 

C-37 

25-39 

3-02 

22-74 

0-54 

4-83 

2-48 

7 

28-02 

6-89 

26-97 

3-60 

23-13 

0-93 

4-86 

2-67 

9 

28-42 

6'29 

26-49 

4-12 

23-08 

1-48 

4-81 

2-64 

n 

28-64 

001 

26-81 

4-44 

24-02 

1-82 

4-09 

2-76 

13 

28-82 

0-69 

27-10 

4-73 

24-30 

2-10 

4-59 

2-63 

16 

28-97 

6-84 

27*32 

4-96 

24-71 

2-61 

4 33 

2-44 

20 

29-22 

7-09 

27-62 

6-26 

26-37 

3-17 

3-92 

2-08 

26 

29-32 

719 

27-75 

6-38 

26-58 

3-38 

3-79 

2-00 


ethylene, then the values in the last two columns should be very large at the 
start, and decrease rapidly as reactions I and II approach completion while 
III is still under way. It will be seen that the differences in the last two 
columns remain sensibly constant for a considerable time, and then decrease 
only mod(irately. Acetaldehyde therefore exerts only a very small effect, 
a part of which is undoubtedly due to the diminution in oxygen concentration 
produced by acetaldehyde oxidation. The above data are also plotted in 
fig. 2. The approximate parallelism of the three curves after 4 or 5 minutes 
confirms the conclusions of the last paragraph. 


Diacmsion 

From the foregoing it may be concluded that acetaldehyde and its products 
of oxidation have relatively little effect on the oxidation of ethylene. The 
chain length in the ethylene-oxygen reaction is comparatively short. However^ 
the relative concentrations of aldehyde and ethylene used here were such 
that if an aldehyde-oxygen chain had been continued in ethylene for even 
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tluee or four links, all the ethylene would have been consumed during the 
aldehyde oxidation. The smallness of the acoeleiating effect observed at 
moderate aldehyde concentrations must indicate, therefore, that the efficiency 
of energy transfer from the carrier in the acetaldehyde-oxygen reaction to 
ethylene is extremely small. At high aldehyde concentrations a delSnite 
accelerating effect was found resulting in either a faster but measurable rate, 
or an explosion ; a considerable amount of aldehjrde being oxidized rapidly 
in the presence of ethylene. It seems probable that isothermal conditions 
ceased to prevail, and that the resulting acceleration of the ethylene oxidation 
was due to purely thermal causes. 



Fto. 2. — The addition of ooetaldshyde to C 1 H 4 -|- 20« mixture, Table VIII. 

After the completion of this work, a paper appeared by Bone, Haffner and 
Ranee* describing an investigation of the oxidation of ethylene, including the 
effect of 1% of certain foreign substances on the rate of reaction. On p. 37 
they state that the “ induction period is practically eliminated by a previous 
addition of 1% of . . . acetaldehyde. The subsequent reaction is accelerated 
by . . . acetaldehyde.” On p. 33 they say “Acetaldehyde practically 
eliminated the induction without affecting much the subsequent reaction 
period.” The data from which those conclusions are drawn are given only 
in the form of pressure-time curves, fig. 3 of their paper. If we measure the 
slope of the lines (in arbitrary units) we find 2*6 ± 0*3 for the reaction with 
added aldehyde, and 2*6 ± 0 ’3 for the reaction without added aldehyde. It 

• • ftoo. Roy. Soo..’ A, vol. 148, p. 16 (1983). 


VOL. OXLVL— A. 
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is ©videat, therefore, that the aldehyde affects only the induction period, and 
has no influence on the “ stationary state of the chain process. 

The behaviour of ethylene is in sharp contrast to that of ethane, since Bone 
and HUl (i^. du) found instant inflammation on adding acetaldehyde to 
ethane*oxygen mixtures. The work of Pease and others* has indicated that 
aldehydes are of importance in the oxidation of saturated hydrocarbons. 
Thus in discussing the question Kasself says “ Taking the results of these 
two investigations together it is clear that the general nature of hydrocarbon 
oxidation involves aldeliydo formation followed by a chain oxidation of the 
aldehyde . . . under favourable conditions the excited molecules which 
carry the chain may crack a considerable amount of the original hydrocarbon.’* 

It appears that the oxidation of saturated and unsaturated hydrocarbons 
proceeds by quite different mechanisms. From this point of view it should be 
of interest to examine mixtun^s of ethane and ethylene to determine whether 
the chains propagated in one can be continued in the other. Such experiments 
are in progress. 

Summary 

All investigation has been made of the kinetics of the oxidation of mixtures 
of ethylene and acetaldehyde. It is found that, in general, the oxidation of 
ethylene is not influenced by the presence of acetaldehyde. It is concluded 
that acetaldehyde and its products of oxidation caimot be of importance in 
the propagation of cliains in ethylene-oxygen mixtures, The oxidation of 
unsaturated hydrocarbons therefore seems to be of a different character from 
that of saturated hydrocarbons. 

♦Pease, ‘ J, Amer. Chom. Soo.’ vol. 51, p. 1839 (1929) ; Pope, Oykstra, and Edgar 
‘ J. Amer. Chem, Soo.,* vol. 51, pp. 1875, 2203, 2213 (1929). 

t ” Kinetics of Homogeneous Gas Reactions,*' p. 289 (1932). 
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On the Stopping of Fast Particles and on the Creation of Positive 

Electrons 

By H. Bethe, Manchester, and W. HEmuBB, Bristol 
(Communicated by P. A. M. Dirac, F.Tl.8. — Beoeived February 27, 1934) 


Introduction 

The stopping power of matter for fast particles is at present believed to be 
due to three different processes : (1) the ionization ; (2) the nuclear scattering ; 
(3) the emission of radiation under the influence of the electric field of a nucleus. 
The first two processes have been treated in quantum mechanics by Bethe,f 
Meller.J and Bloch§ in a very satisfactory way. A provisional estimation 
of the order of magnitude to be expected in the third process has been given 
by Heitler.]! The result obtained was that the cross-section ^ for the energy 
loss by radiation for very fast particles (if the primary energy Eq ww*) is 
of the order 



where Z is the nuclear charge. 

It is the aim of the present paper to discuss in greater detail the rate of 
loss of energy by this third process and its dependence on the primary energy ; 
in particular we shall consider the effect of screening. The results obtained 
for very high energies (>137 me*) seem to be in disagreement with experiments 
made by Anderson [cf. §7). 

By an exactly similar calculation another process can be studied, namely, 
the “ twin birth ” of a positive and negative electron due to a light quantum in 
the presence of a nucleus. This process is the converse of the scattering of an 
electron with loss of radiation, if the final state has negative energy. The results 
are in exact agreement with recent measurements for 'i-xa.js of 3-10 A 
provisional estimate of the probability of this process has been given by Plesset 
and Oppenheimor,^ who also obtain for the cross-section a quantity of the 
order of magnitude given by equation (1). 

t • Antx. Physik,’ vol. 5, p. 326 (1930) ; ‘ Z. Physik,’ vol. 76, p. 293 (1982). 

{ ' Ana. PhyKik,' vol. 14, p. 631 (1932). 

f ‘ Z. Physik,’ vol. 81, p. 863 (1983) ; ‘ Ann. Physik,’ vol. 16, p, 286 (1938). 

II ' Z. Hiysik,’ vol. 84, p. 145 (1933). Rrferred to later as I. 

f • Phys. Rev.,’ vol. 44, p. 63 (1933). 

O 2 
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I. Theory 

§ 1. The Cross-section for the Energy-loss by Radiation 

1. General Method.— hi order to obtain the rate of lose of energy of a particle 
by emission of radiation, we have to calculate the transition probability for 
the following process : a particle with momentumf pjc and energy makes 
a transition to a state with the momentum p/c and energy E, while a light 
quantum with tlie momentum k/c is emitted, the frequency v being 
given by 

A = Eo - E. (2) 

The perturbation causing this transition is the interaction of the particle 
with the nuclear field V == Ze*/r and with the radiation field H = — e (aA), 
where A is the vector potcuitial of the radiation field and a is Directs three- 
dimensional matrix-vector signifying the velocity. 

The wave fimctions of the electron describing the initial and the 
final state are supposed to be plane waves, the atomic field being only con- 
sidered as a perturbation. This corresponds to the first approximation of 
Bom’s collision theory, which was shown by Bethe {loc, dt.) to hold for 
Z/137 < vjc. For fast particles (t? c) this is always true, if Z is not too 
large. For lead, however, it is doubtful whether the calculations give 
quantitatively correct results. But from the experiments it seems that, at 
least for the twin birth, see § 8, the error is very small. 

The transition from the initial to the final state, however, only occurs 
under the simultaneous action of both the atomic field and that of the 
light wave. First, the electron goes, under the influence of one of the said 
perturbations, from the initial state to an intermediate state (conservation 
of energy does not necessarily hold here) ; then a second transition 
immediately happens to the final state, caused by the other perturbation. 
Since momentum is conserved in the emission of light, it can easily be seen 
(c/. I) that there exist two such intermediate states, where the electron has a 
momentum p', p" (energies E', E") given by ; 

I p' = p -f k no light quantum present 
II p" === Po — k a light quantum k present 

t It is convenient to express the momentum In energy units p «= c x momentum. 
Throughout the rest of the paper wo shall speak freely of p as the momentum instead of 
the strictly more correct p/c. 
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If we denote the initial state (momentum p^, no light quantum) by A, and the 
final state (momentum p, k) by E, the transition probability per unit time 
becomes (see I, equation (27) ) 


w = 


A 


pEpk 


S I y VunHnA 

E'-Eo E"-E 


2 


W 


where Pk numbers of quantum states per unit volume, per unit solid 

angle and per imit energy interval for the electron and the light quantum 
in the final state ; so that 


pE dE 


QapE dE 


Pk dA 




( 5 ) 


being the elements of the solid angle). 

The wave functions that occur in the matrix elements in (5) are normalized 
in such a way that there is one particle |>er unit volume. The summation in 
(4 ) has to be extended over both the spin directions and both signs of the energy 
of the intermediate states. 

To obtain the differential cross-section from (4), we have, according to our 
method of normalization, to divide by the velocity of the incident electron, 
= cPo/Eq. Putting in the values for the matrix elements for a pure Coulomb 
field {cf I equations (18)-(21) ) we obtain the differential cross-section 


where 


ZV QKQ,pEEoifcdifc!v(w*afctO(u'*u„) x. (uV') (u^^a^Uo) 

iQT— a ^-4 I*" jj' g ^ -p,, p 


1377c« 




Po - P - k. 


E" — B 


* ( 6 ) 
( 7 ) 


denotes the momentum transferred to the nucleus in the process, w, w' are 
the amplitudes of the plane waves with momenta p, p' each having four com- 
ponents. u refers to a definite spin direction, a* is the component of a in 
the direction of the polarization of the light quantum. {u*o(.^u') (u'^Wg) depends 
only upon the angles in terms of which it can easily be expressed. This can 
be done by the usual methodj: first, we carry out the summation S over the 
spin directions and both signs of the energy of the intermediate states (t\e., 
over all four states having the same momentum p') : 

y (u'^Uq) ^ EgS (u*afcU') (u'*Uo) . S (uVEV) (u'*Uq) 

Eo--E' Eo»«E'2 Eg^-E'i^ 

In the first term we have simply (Vollstindigkeitsrelation) 

S {«'*0«g) = (W*(X*«g). (8) 

t Oasinur, * Helv, Phys. Act.,’ vol. 6, p. 287 (1933). 



86 


H. Betlie andW. Heitler 


For the second we use the wave equation 

E'u' = [(ap') + «' = H'u', 

where [i. = wc*. This equation holds for both signs of E', since the operator 
H' is independent of the sign of E'. Hence 

S (M*a;,E'M') (u'*Uo) = S {«'*«„) = (u^a^H'uo). (9) 

And finally 

V (u'*un) ^ Eq (M*aM„) + 

E„-E' Eo^-E'--^ ■ ' ' 

(10) holds for d(*fmite spin directions of the initial and the final states. As 
we are not interested in the probability for special spin directions, we sum also 
over the spin directions of the final state. Using equation (10) we obtain 
then from ( 6 ) expressions of the form 

S (n^oAu) (u*Bufj), 

where the summation S has to be taken over the spin directions of the final 
state only, but not over the two signs of the energy. But this sum 8 can bo 
reduced to a sum 2 over all four states of both spin and energy. For we have 

Eu=^IIw, or u ==: u. (11) 

2E 


For the states of 9iegative energy with the wave fxmction u the expression 
(H + E) u vanishes. Introducing the operator (H + E) w/ 2 E instead of u, 
we may now extend the summation also over both signs of the energy, obtaining 

S {u*f^u) («*Bmo) = S ( m*oA “) = («*oA . (12) 


(12) is the average value of the operator A (H + E)/ 2 EB in the initial state. 
It can be evaluated by the usual methods. 

2 . DifferefUial and IfUegral Cross-sections . — If one applies this method to 
( 6 ) one can easily obtain the difEerential cross-section 


d<b = ^ £. sin 9 Bin Qq dd dd„ dd, ( p* sin* 6 . . , .. 

137 - 27tl:po 3 * l(B - p cos 0)* 


Po^sin^ 0 


4— (4E* — 0*1 — 2p„p sin 0 sin 0,, cos <l> 
&o)® (E— -©cosOHEa — i»..co8( 


(Eq — pQ cos 60 )® ^ ' (E — p cos 0) (Eq ™ Pq cos 0q) 

4- 2^* (p* sin* 6 4- P(? sin* On — 2ppn sin 0 sin 0n cos 

(E — p cos 0) (Eq — Pj cos 0o) j ‘ 


(4E,E-j*) 

( 13 ) 
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6 , 60 are the angles between k and p, Pg respectively, ^ the angle between the 
(pk) plane and the (Pyk) plane. The denominators arise from the resonance 
denominators 


E'* - E 0 * = (p + k)* P 0 * 2fc(E --poos 0) ^ 
E''® - E® (Po k)* - p® 2* (Eo ~ po cos %) J 


In (14) the summation has already been taken over the directions of polarization, 
and the spin of the electron in the final state. 

In order to obtain the total probability for the emission of a light-quantum 
of a given frequency v, one has to integrate (14) over the angles, both of the 
electron and of the light quantum. This integration is elementary but rather 
tedious. We shall give only the result.f 


137 Po » I 'irPi^ -Po^ P* PPo 

+ [ ^ M (Eo*E* + p^Y)] ■ log + Co 

L poP PoY J 2|>p„L Po® 


with 




(i. == me*, e = log-^-i-2 = 2 log , 

h~p [1 

*0 = log yt * = 2 log 5a.±-2p, 

1^-0 — ;>o “• 


y. (15 a) 


log 


= \oa Pl+ M - M=. 2 log 

® — VnT) — E J: vJc 


\jJc 


’ Po® - PoP - Eo* 

For energies large compared with wjc*, i.e., for 

Eg ^ me*, E > me*, k > me*, 

(15) reduces to 


The result will be discussed in § 5, 6 , and 7. 

t The same formul® (13), (16), have betm obtained by F. Sauter. We are indebted 
very much to Dr, Sauter for the oommunioatlon of bin results. The comparison with 
hii results has made it possible to avoid some mistakes in the calculations. The same 
formula has also been obtained by G. Raoah. We wish to thank him also for sending us 
his results. 
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§ 2. Creation of Positive Electrons 

The creation of a pair of electrons of opposite charge is considered as a kind 
of photoelectric process : an electron which is initially in a state of negative 
energy E = — | E | is excited by a light quantum Av to a state of positive 
energy 

Eo = Av-lE|. 


Then it is observed that a negative electron of energy Eq and a positive one 
of energy E+ — | E | are created, the light quantum being absorbed. 

The reverse of tliis process would be the transition of an electron from the 
state Eo to a state of negative energy, the energy E^ |E| being radiated. 
This reverse process will not usually occur because the states of negative 
energy are occupied. f The process is identical with that treated in § 1, the 
only difEerence being the sign of the final energy. It is clear that this cannot 
make any difference in the calculation up to formula (10). One might, how- 
ever, expect a different value for the quantities and (u^ajtH'uo)- 

That this is not so can easily be seen from Casimir’s method of evaluating 
quantities of tliis kind, which has been used already in § 1, equations (8)-(13). 
If the momentum p is given, all considerations leading to (13) remain unchanged, 
except that we liave for the wave amplitude « of a negative energy state, instead 
of (11): 

while for a state of positive energy (H — |E|)w = 0. Therefore, in (13) 
nothing is changed except the sign of the energy, viz., 


H- El ~ - 

-2|E 


S («*B«o) = 




H + E 
2E 



(17) 


We conclude that formula (13) holds for the reverse process of the creation of 
pairs as well as for the “ normal " emission of radiation. To calculate the 
probability of the creation itself, one has only to consider that now there 
two electrons in the final state instead of one electron and one light quantum. 
Instead of p, dv, we must therefore write in (6) 



i.e., the number of electronic states with energy between E, and 

t It may happen that a positive electron is annihilated in this way by an eleotno 
of a heavy atom. 
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per unit volume and per solid angle Furthermore, one has to divide by 
the number of incident light quanta per cm® and sec,, by c, the density of 
light quanta being normalized to unity. For the emission of radiation, we had 
to divide by the velocity Vq ^ cpol^o the primary electron ; therefore we 
get an additional factor , vjc = the cross-section ( 6 ) or (13). 

There are, however, two points which have to be mentioned. Firstly, one 
should consider the interaction energy between the two created electrons. 
Fortunately, it can be seen that this interaction energy V^.., does not afiect 
the calculation to our approximation. For the matrix element of 
corresponding to the creation is probably the matrix element of a Coulomb 
interaction belonging to a transition from a positive energy state p_ to a state 
with negative energy and momentum — p^, viz., 

(V+-)p^»_ = [ rfT (p_r_) exp (p+ . r+)y | r+ - r_ | . (18) 


But this matrix element vanishes except when momentum is conserved, i.c., 
f p„ — 0 . It follows that, if we add to the Coulomb potential V the 
interaction energy the latter will not contribute anything to the matrix 
elements occurring in (4). There will, of course, be a contribution in the next 
approximation which is only of the order compared with the result of 
our approximation, while the application of Born’s approximation means 
an error of the order Ze®//zv. 

The second point is, that in (13) the momentum and the energy E are the 
momentum and energy of the hole in the “ sea of negative energy electrons ” 
which corresponds to the positive electron. The momentum and energy of 
the positive electron itself are — p and — E. It is, therefore, physically more 
significant to introduce 

= — E, P+ — Pi 64 . — tc — 0, ^ 4 . — P 4 . ~ p, (19) 

6 + being the angle between the direction of motion of the positive electron 
and that of the incident light quantum, etc. If wo introduce these quantities 
into (13), all terms involving the first power of E or p change sign, thus : 



( 20 ) 
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The integratiou over the angles is naturally also identical with that for the 
radiation case. Formula (15) has, therefore, only to be multiplied by 
difc to be replaced by and E put equal to minus the energy of the positive 
electron. The cross-section for the creation of a positive electron with energy 
E^ and a negative one with energy Eq by a light quantum A = Av then becomes 


® (E.)dE.- f, ^ S - 


137 Vmc^/ ifc® 


^>0®P^ 


+ - ^) + r-~(Eo*E+* + p„W)-!l^ll<>g 

\ PoP+’ Lj9o*J>+* J>oP+J 

4 - ^ [ EflE^z A’* e„ + e+ + log} , (21) 

2poP+L po® P+ ?o®P+*J f 

,2log5i±^, log =:2log ^g^+ +y± . + i ^^ 

(X ’ ''EoA:-yo*-J>oP+ 

(21a) 


with 


This formula is, of course, symmetrical in Eq and E^., An asjrmmetry would 
only arise in higher approximations and is small for high energies (c/, § 7)^ 
If all energies involved are large compared with ww?*, the formula reduces to 


0 (Eo) dEo 


137 


p2 \2 






h'mu? 


( 22 ) 


(21) and (22) will be discussed in § 8. 


§ 3. Effect of Screening 

It could be expected that the screening of the atomic potential by the outer 
electrons would have a considerable effect on the cioss-soction for the radiation 
phenomena considered in this paper, because it may be seen that a large part 
of the processes take place at big distances from the nucleus of the field-pro- 
ducing atom, i.e., at places where the atomic field is no longer a Coulomb 
field. 

1. Differential Cross-section . — ^The potential which the atom exerts on the 
electron occurs in formula ( 4 ) inside the matrix elements and Van- Both 
these matrix elements have the value (besides a factor (u'u,) and («"«) respec- 
tively) 

Vai = Vmr == | V exp ~ (qr) dx, 


(28) 
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where q ie the momentum tranaferred to the atom in the process. Now (23) 
can be brought into the form 

V^i = V*„ = [Z - F (g)]* (24) 

where F is the well-known atomic form-factor 

F( 3 )=|p(r)expl(qr)«iT. (25) 

p (f) being the density of the atomic electrons at the distance r from the nucleus. 
Therefore, we can take a(‘count of the screening simply by writing (Z — F)* 
instead of Z* in formula (13), a change which is familiar from the theory of 
electron scattering.f 

The atomic form-factor F depends on the distribution of the atomic electrons. 
We assume in our calculations that p (r) is the Fermi distribution, which, 
especially for heavy atonis, should be very accnirate. We can, then, write 

F = ZvJ^(?Z-*), (26) 

where ^9^ is a general atomic form-factor valid for all atoms. It is given 
numerically in several papers.^ 

We can easily get an idea under which conditions the screening will have an 
appreciable effect. The atomic form-factor F becomes comparable with Z, 
if qjAc is of the order (or smaller than) the reciprocal atomic radius. Now, 
the radius of the Fermi atom is approximately Uq being the hydrogen 

radius. Therefore screening is effective if 

g<a=i"Z* = |gzi. (27) 

Uq 1o7 

On the other baud, q takes its minimum value if the momentum of the electron 
is parallel to that of the emitted light quantum both before and after the 
radiation. Here q is equal to 

g„,n = 8 = p,-p-i = E— p — (Efl — Po)- (28) 

For energies Eg and E large compared with mo* this reduces to 



t Of,, for initanoe, Mott and Money, “ Atomic OoUisions," Oxford Univ. Prew, 1934, 
89. 

I For iastanoe, Bethe, ‘ Ann. Phyaik,' vol. 6, p. 885 (1980). 
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Thk formula shows that the minimum momentum transferred to the atom 
decreases with increasing energy and becomes smaller than oc, if 

EoE/Av> (30) 

that is, about ISwic* for heavy atoms. (30) is the condition for the screening 
to be effective. We see from this condition that the screening will only be 
important for energies large compared with me®, and we can, therefore, assume 
throughout this section that me® is negligible in comparison with E^, E and 
Av. This assumption greatly simplifies the calculation, 

2, Integral Cross-section, — The integration over the angles Oq, 0, ^ is carried 
out in another paperf. The last part of this integration can only be carried 
out numerically, since the atomic form factor F of the Femu atom is only 
known numerically. The result, t.c., the integral cross-section, can con- 
veniently be written in the form 


(v) dv - ^ [(Eo* + 1») (y) - 4 log Z) 

~!EoE(^,(Y)-41ogZ)], (31) 

where 


is the electronic radius and 


r, s= e*/»ic* 


Y=»100 


»»c*Av 

EJEZi' 


(32) 


and tf>i, ^2 are two functions of y which are given in. fig. 1.!]; 

The quantity y is proportional to 8/a and therefore determines the effect of 
screening. If y = 0, we may call the screening “ complete." Indeed, the 
radiation cross-section is then determined entirely by the atomic radius, ».e., 
by a, whereas the minimum momentum transfer 8 (and therefore the energy) 
has no longer any effect on tha cross-section. The values of here are 


^ (0) = 4 log 183, ^2 (0) = (0) - t, (33) 

so that for very high energies, E, > 137»n(^Z“i, the cross-section (31) becomes 


<Jf (v) dv = 


137 Eo* V 


4 


(Eo* + E* - PoE) log (183Z-J) + . (34) 


For a given ratio Av/E,, this cross-section is independent of E^. This is not 
BO if the energy becomes smaller (y > 0). The cross-section for a given Av/E, 

t ‘ Proo. Camb. Phil, 8oc.,* in press, Kefi^red to as C, 

I It would have been more natxiral thcwwetically to put y d/« » 137 wuj* Zt, 

The factor 100 instead of 137/2 has been chosen for convenienoe in using formula (81), 
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then decreases, though slowly, with decreasing energy (the t^'a decrease with 
increasing y)- the limiting case y ^ energies small compared 

with 137mc* Z“* the screening ceases to have any effect, in agreement with our 
considerations in the preceding section. The cross-section is, then, given by 
formula (16). For energies that are a little higher, more accurately for values 
21 


19 


17 


15 

0 -2 -4 *6 -8 1-0 1-2 1*4 1-6 1-8 t 

Fia. 1, — ()>j and (qf. equation (31) ) as functions of y — 100mc*Av/£,E ZJ. 
of y between 2 and 16, the screening gives a small correction to formula (16), 
which may be taken into account by writing instead of (16) 

<*> (v) dv = ^ 4 (Eo* + E« - I EoE) (log M ^ _ c (y)) , (35) 

and inserting for c (y) the value given in Table I. 
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^ (y) and (y) being the functions shown in fig. 1, and 

Y = lOOmc* Av 


For small energies the formula 

<E> (Eo) dEo = ^ (E«* + E+* + |EoE+) 4 (log -\-e{y)), 


is more convenient, c (y) being given in Table I (35a). 


(37) 


§ 4 . liadiation Probability as Function of Impcu^ Paramel&r 

It is possible to get a rough idea about the probability that an electron passing 
at a given distance r from the nucleus emits radiation during its passage. For 

^ the main contribution to the matrix element V ( 7 ) — | V exp i (qr)/>^c . dx 

arises from the region r ^hclq, since the contribution of larger r’s nearly 
vanishes because of int(^rference, while small f’s do not contribute appreciably, 
because of the smallness of the corresponding volume. Therefore, the radiation 
emitted in the region between r and r dr will be equal to the probability 
of a radiation process in which a momentum between q = /icjr and q + dq is 
transferred to the atom. This probability 0 (q) dq has been calculated in 
the paper (C) referred to above (§ 7), viz., 

(p (?) dq (1 — .9 (q) )»dq/q if < ? < (i, (38) 

<1> (?)d?irt (log (?/(i) + const) . df/?* if ?> (i. (39) 

(r/. C. (67), (66) ) since the number of incident electrons having a miniirnim 
distance from the nucleus (impact parameter) between r and r + dr is pro- 
portional to r dr, we get for the probability that an electron pacing at a 
distance r radiates 

(p (r) = (p (?) ^ v> <1> (?) r"». (40) 

If r is smaller than the Compton wave-length fijmc, q will be larger than wic*. 
For this case we take from (39) 

O (r) == const, log A/wc r (for r < 4 jmc). (39a) 

That means that for small r the radiation emitted at distances between r and 
r + dr is nearly independent of r. On the other hand, for r larger than A fmo, 
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q will be small compared with jx. If ? is still large compared with a, then, 
according to (27), ^9^ (j) may be neglected in (38). Thus, 

<1> (r) « 1 /r* (if A/mc < r < and r < hjmo . B^E/A vw*). (38 a) 

The second condition follows from (29). If r increases, (38a) will cease to hold. 
The point at which this occurs depends on whether the energy is larger or 
smaller than ISTwc^Z"!. In the first case, this limit fmax is given by the 
atomic radius. Then, for distances larger than fmax = screening 

becomes appreciable and causes <I> (q) to decrease like g®, (c/. C (69) which means 

<J> (r) ~ l/i^ (for OpZ^*). (41) 

If, on the other hand, the energy is small compared with 137mc®Z"i, formula 
{38a) ceases to be valid already at the point fmAx = A I me . EoE/Avmc® (corre- 
sponding to q of the order 8). 

The main contribution to the total cross-section is given by the region 
(38a) because the region of smaller r’s {39a) has only a small volume, and for 
large r’s the radiation probability falls off very rapidly. Therefore the total 
cross-section will be proportional to 

log^!^* for Eo>137mo*Z-* 

njme 

logJl^- for Eo < 

which agrees roughly with the results (16), (34) of our exact calculations. 

The absolute radiation probability for an electron passing the nucleus at a 
distance smaller than A /me is of the orderf Z®/137®, which is very small, even 
for the heaviest atoms. This behaviour is very different firom the result of 
classical electrodynamics, according to whicli the total energy radiated should 
increase as r“® (c/. paper I § 6) if the electron passes near the nucleus, and 

/ E \f 

should become equal to the primary energy of the electron for r ^ . 

\mrl 

It would seem from tliis comparison that the quantum mechanical treatment 
yields a much smaller radiation probability ; but nevertheless even this seems 
to be too large compared with the experiments {cf. § 7{). 

t These electrons form a l>eam of diameter 2///mc. To obtain the radiation prob- 
ability for a single electron, wo have to divide the radiative oross-seotion for these 
electrons which is certainly smaller than the total cross-section, Z*/137, by the 
area t: . (137 fj,)**. 

X Similar results to those mentioned in this section have been derived by a semi-clasaioal 
consideration by WeisssSoker, to whom we are indebted for the communication of his 
results. 
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11. Discussion 

§ 6. The Radiation Emitted by Fast Electrons 

1. Intensity Distribution . — In § 1 and 3, we have calculated the probability 
that an electron of energy Eq emits a light quantum of frequency between v 
and V + dv (equations (15) and (31) ). This probability is roughly proportional 
to 1/v and consequently becomes very large for the emission of quanta of low 



rio. 2. — Intensity distribution hv <I>^ of the emitted radiation for Pb ( ), H,0 

( ), and with screening neglected ( ). is the cross seotion in units Tfr^jlVl. 

The numbers affixed to the curves refer to the primary ewtgy E, in units me*. 


energy. We have, therefore, plotted in fig. 2 the intensity of the emitted 
radiation, i.e., frequency times the probability of emission, rather than the 
probability itself us function of the frequency. Fig. 2 shows the intensity 
distribution for Pb, HjO and for the case where the screening is neglected. f 

t The general behaviour of the intensity frequency curves is similar to that which 
follows for the radiation of slow electrons (e < c) from the esuuA but non-relativistio 
Sommerfeld theory (‘Ann. Physik,’ vol. 11, p. 302 (1031), fig. 7). The two 
difier, however, for very small and very high feequenoies ; for v = 0 the intensity 
logarithmically infinite in Sommerfeld’s theory, finite in ours. This is due to the n« g i«< 4 |»n 
of screening in Sommerfeld’s calculation ; in our theory the same infinity appears if we 
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The cross-section is expressed in units ZVoVlST in order to make its values 
for different atoms comparable. 

The intensity decreases with increasing frequency, and falls to 5!ero at the 
short wave-length limit (E,) — mc*)/A. 

The intensity of th(5 soft radiation, even in units Z*, is dependent on the 
atomic number Z (increasing for small Z), but independent of the energy Eq 
of the incident electron. 

The intensity of the liarder radiation (v Vo) increases slowly with increasing 
energy (if v/v^ is kept constant) and reaches a certain a8)T!nptotic value for 
high Eo, which dcj)endB on the atomic number Z. 

2. The mimher of emitted qwinia in a given frequency interval v to v + dv is 


n (v) = dv 


‘''^N(t>(v, Eo)dEo 
A. -- dEJdx ' 


(43) 


where is the initial energy of the emitting electron, — dEJdx is its energy 
loss per centimetre path, <b (v, E^) the cross-section for the emission of a 
quantum of frequency v by an electron of energy Eq as given by formulce (15), 
(31), and N the number of atoms per imit volume. To a rough approximation, 
Av0 (v, Bq) — K may be considered as independent of v and E^, fig. 2, The 
energy loss of the electron is for large energies Eq mainly due to radiation, as is 
proved in § 6, if this is so, — dEJdx = KEq. This formula holds down to a 
critical energy E^ — 1600mo®/Z (equation (52) ), below which the energy loss 
due to collisions becomes important. 

EqK so that the contribution of E < 
roughly, we have 

. , dvi 
w (v) = — log ^ 


This latter is, then, much greater than 
Ec to (43) may be neglected. Therefore, 


for Av < E<. < E< 


for E,. < Av < E< 


(44) 


use the uon-eoreened formula (16) a« we see from the dotted curves in fig. 2. On the other 
hand, at the short wave-length limit our theory is, presumably, not correct. For, we have 
made use of Bom's first approximation which goes wrong if the energy of the electron after 
the radiation is small (r/. § 1), The exact wavo-f unctions are, in this case, much larger 
near the nucleus than Born's wave-functions of first approximation. Consequently, the 
transition probability becomes also much larger, and the intensity of the radiation at 
any rate does not drop so much as shown in fig. 2. It seems plausible that actually it 
would tend to a finite limit for v v®, as it does in Sommerfeld’s exact theory. 


VOL. CXLVI.— A, 


H 



98 


H. Bethe and W* Heitler 


If an electron of initial energy — 137mc* (limit of validity of our theory, cf. 
§ 7) is stopped in lead (E^ — 20nic^) there will in the average be emitted ; — 

quanta of energy >50 20-60 10-20 6-40 2-6 1-2 me* 

number 0*5 1*5 1*5 1*5 2 1*6 

altogether 8*5 quanta of energy greater than rac*. 

This table has l>een calculated from the crude formula (44), since we wanttni 
only to show the order of magnitude ; actually tliere are fewer large quanta 
and rather more small quanta, owing to the intensity distribution in the 
Bpectrum (fig. 2). 

3. Ampilar Distribution of Emitted Radiation — radiation of fast electrons 
(Eo> w:*) is emitted mainly in the forward direction. The average angle 
between the directions of iiiotiou of the electron and tlie einitt(5d light is of the 
order 0 = mc^/Eo (cf. paper C, §8). 


§ G. Energy Loss of Fast Electrons by Rmliation. 

1. Cahulaiion of Energy Loss, — The average energy radiated by an electron 
of energy Ey per centimetre of its path is 

-(^) ==.NrAv (45) 

^ dx / Jo 

N being the number of atoms per cm.* and the cross-section given by 
equations (16), (31). The integration over v can, in general, only be carried 
out numerically. There are, however, two cases in which analytical integration 
is possible : (1) if is so small that screening has no effect at all 

Eo < 137mc*Z“ 

and yet E<, is large compared with ym;* ; (2) if the energy is so high that the 
asymptotic formula (34) is valid for all values of v (complete screening 
Eo> Vitlm^'L *). In the first case, formula (16) may be used for O.. The 
integration yields 

_ ) = N j-o® Bo ( 4 log — « - S ) (for ..i:: Eo < 137»jc*Z“J). 

\ ix ! rail 137 \ im- ' 

(46) 

This formula has already been published in a preliminary note by Heitler and 
Sauter.t It differs from the estimation (1) given in I by the logarithmic term, 
which varies only very slowly with the primary energy Eo- 
f ‘Nature/ vol. 132, p. 892 (1933). 
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For very high energies (case 2) the integration gives 

“ (^L ^ ^ + 1) ^ mrn^Z-i), (47) 

which means a cross-section independent of Eq. 

The result of the numerical integration in the intermediate range and for 
small energies is shown in fig. 3, For convenience of representation, wo have 
plotted the ‘ integrated cross-section 0^,1 in units Z%®/137,” defined by 

(dEJdx)r,a - NEoZ V/137 . OrHd, (48) 



Fig. 3. — Cross -section for the energy loss hy radiation (defined in equ. 48) as a 

function of the priinaiy energy for Ph ( ), Cu (— ), HjO ( ) and 

with screening neglected ( ), For comparison the cross-section for the energy 

loss by collisions for Pb and H^O are shown on the same scale, 

against log^j Eo for tlixee values of Z. <I>r,id increases but slowly with increasing 
energy and decreasing atomic man her. For comparison, we have plotted the 
cross-section for energy-loss hy coUimnis in the same units ZVq2/137, 

OrAd being a slowly varying function, the radiative energy loss is approxi- 
mately proportional to the initial energy of the electron whereas the energy 
loss by collisions is approximately constant. Further, the energy loss by 
radiation is proportional to Z*, whereas the energy loss by collisions is 
proportional to Z. No universal mass absorption-ooeflicient exists, therefore, 
for the radiative energy loss. 

H 2 
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Table II. — Energy Loss of Fast Electrons by Radiation and Collisions 
in millions of volts per centimetre path. 


Substance. 

Energy 

loss. 

5 

Energy of electron in million volts. 

10 20 50 100 300 

1000 

H.O { 

Kadiation 

C<iUi«ion8 

0-07 

1*98 

01(1 

2 15 

O..30 

2-32 

0*99 

2-65 

2 07 
2-72 

0-0 

2*99 

22*5 

3*29 

Cu 

Badiation 

ColiiNions 

2-1 

12w 

4-9 
14. 0 

109 

15*2 

28-9 

07 

01 

18 2 

101 

20-3 

000 

22*5 

Pb / 

Kadiation 

CoUifiions 

f>-4 

12-5 

14.4 

13.9 

31 .4 
15-3 

85 

17-3 

177 

180 

550 

20-9 

1900 

23*4 


Table II gives the absolute value of the energy loss for various substances. 
The energy loss by radiation is seen to be much greater, for high energies 
Eq, than the ordinary energy loss by inelastic collisions. The latti^r has been 
calculated from the usual formula for electrons with relativistic energy > 
namely, 

Following the theory of Bloch (loc, ciL), the average ionization potential I was 
assumed to be proportional to the atomic number Z, explicitly 

1 13'5.Z volts, (50) 

the proportionality factor 13*6 being redetermined for this purpose from the 
observed energy loss of fast a-particles in gold.f 
The ratio of radiation and collision energy loss is roughly 

_ KqZ 

-- {dEJdx)Ttia ' * 

This simple formula is due to the fact that the logarithm in (49) varies with Eo 

and Z in approximately the same way as that in (48). Radiation and collision 
become of equal importance at the “ critical ” energy 

E, ==: 1600 mc*/Z, (62) 

f.e., about 20 nic^ = 10 million volts for lead, 65 me® for copper, 200 wc® for 
air. 

t No account was taken of the excitation of nuclear electrons, since it seems highly 
improbable that the probability of this excitation (if it occurs at all) can be calculated 
by the simple wavo-mechanical formula (40), considering that the electrons presumably 
do not exist at all in the nucleus. Wo think that the excitation of nuclear electrons rarely 
takes place. 
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2. The range of the electron is detennined by the quantity 

/ ^^^0 \ / \ 

\ dx Itaa \ dx A*oii ’ 

For a rough estimate we may consider (4:8) as a constant and insert for 

it an average value Oo, say. Then, according to (48), (51), (52), the whole 
energy loss is given by 


t,he first term (E„) representing the radiation (E^ being the energy after x cm. 
path), the second (EJ the collisions (E,, being constant). Integrating (53) 
we get for the range the rough formula 


R = 


137 


log 


Eq + E, 

E„ 


137 

NZ%aOo 



_Z]^\ 

leoomc*/ ■ 


(54) 


The range of high energy electrons increases, according to (54), only with the 
logarithm of the energy and remains, therefore, very small even for the fastest 
electrons. Table III gives the result of an exact numerical calculation of the 
range in Pb, Cu, HjO ; for Pb the range (calculated by the rough formula (54) 
is added to show the actcuracy of this formula. 


Table 111, — Average Range of Fast Electrons in cm. 


Energy in million volts. 

Stopping 

material. 6 10 20 60 100 300 1000 10000 

H,0 2-6 4-8 8-8 18-4 30*4 68 100 196 

Cu 0-37 0-67 1 12 1-96 2*78 4-26 6 0 9*4 

Pb 0*33 0*64 0*81 1*23 1*68 2*26 2*88 4 08 

Pb (calculated by 

(64)) 0*26 0*43 0-68 1*12 1-50 2 14 2*87 4*30 


3, Straggling , — The effect of radiation is to diminish the energy of an eleotron 
suddenly by rather a large fraction of its initial value. Therefore, the actual 
energy loss may differ very considerably from the average loss. To obtain a 
rough idea of the effect of this straggling, we assume for the probability of 
emission of a light quantum Av a rough but convenient formula : 


^ (v) dv = a 


dv 

E„logE„/E’ 


(55) 


where a is a constant. 

(66) may be seen to represent the intensity curves Av O. of fig. 2 fairly well. 
If we introduce instead of v 


y = log [Bo/(Bo — 


( 66 ) 
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(wliich is convemont since on the average the log of the electronic energy 
decreases linearly with the distance), tin; probability that the electron loses the 
energy Av in travelling an infinitely short distance dl is 


w {y) dy (v) dvdl ^ a 



(57) 


We wish to know the proV)ability for a decrease of the energy of the electron 
to times its initial value afttsr traversing matter of afimle thickness 1. For 
this probability we can prove the following formula to be correct : 

w (y) <iy == ^ 

(58) becomeii identical with (57) for very small L For, in this case 

r {al) = Ijal and = 1 

(except for the smallest values of y, i.c., for the smallest values of v). 

To prove that (58) holds for finite I, we let the electron travel first a distance 
then a distance Zg* The log of the energy decreases first by y^, then by 
altogether by y — + ^ 2 . If (58) is assumed to be correct for the two parts 

of the path, the probability of the decrease y becomes ; 

w(y)dy=dy rwi(«^i)w8 {y-yi)dyy=dy f r r ' TT F / T\ 

(69) 

The integral is evidently proportional to The numerical factor follows 

from the fact that f w {y) dy ^ 1. Therefore, if (58) is valid for the energy 
Jo 

losses in the paths and Zg, it is also valid for the energy loss in the total 
path ? = + Zfi and is thus proved to hold for any length of the path. 

The curves in tig. 4 give the probability that an electron which loses energy 
only through radiation has, after travelling a certain distance Z, still an energy 
left which is greater than times its initial energy. The abscissa is 

al. Now the average energy loss y is exactly equal to al, if the law (57) is 

accepted. (This can easily be seen by calculating | y (y) dy from (68).) 

For instance, in the average the energy is diminished to 6“*^ times its initial 
value after travelling a distance aZ = 1, but, as can be seen from fig. 4, even 
after so great a distance as la ^ 2 -S there still remains a probability of 10% 
that the energy is higher than , Eq. Thus the straggling may increase the 
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range of some electrons to twice or even three times its average value ; on the 
other hand, some electrons are stopped much earlier. 

The straggling is characteristic of the energy loss by radiation. By this 
effect, the latter differs from the energy loss by collisions. The unambiguity 
of this distinction may be seen from Table IV, in wliich the distribution of 
energy losses is given for an electron of 50 million volts primary energy traversing 
^ mm. of lead, assuming (a) that only collisions take place, (6) only radiation, 
(c) both. The last two lines give the distribution after traversing i mm. lead 
for initial energies of 50 and 10 million volts. 



Fig. 4. — Straggling. Probability that an electron after liaving travelled I cm. has still 
an energy greater than 6“^, c times its initial energy. The scale of the abscissa 
is chosen so that in the average the energy decreases to f 


Table IV. — Probability of different Energy Losses for Electrons passing tlirough Lead*(%). 








Energy loss in 

million 

volts. 




Initial Thickness 

Energy 











energy. 

of Pb. 

lost by 

<0- 

1 01-.0- 

5 0-6-4)-7 0-7-1 

1-2 

2-3 

3-5 

6-10 

10-20 20-4i0 

50 

j mm. 

OoUision 

0 

0 

58 

32 

7-5 

1 

0*7 

0-4 

0*2 

0*2 

50 

i mm. 

Radiation 

49 

12*4 

2-7 

2-8 

5-9 

3*6 

4-6 

6*2 

5*9 

6-7 

50 

i mm. 

Both 

0 

0 

29 

25 

14 

5-0 

7*3 

7*0 

6*1 

6*6 

50 

1 mm. 

Both 

0 

0 

0 

0 

35 

12 

11 

14 

12 

16 

10 

1 mm. 

Both 

0 

0 

0 

0 

57 

16 

13 

14 

— 

— 


§ 7. Comparison with Experiment Limits of the Quardum Theory. 

1. The theoretical energy loss by radiaiion for high initial energy is far too 
large to be in any way reconcilable mth the experiments of Anders(m.'\ He has 
measured the energy loss of electrons of initial energy 300 . 10** volts and found 


t Anderson, * Phye. liev.,* vol. 44, p. 406 (1933). 
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it to bo about 35 . 10® volts per cm. of lead as against 550 . 10® volts given in 
our theoretical table. The disagreement is deifinitc, although there are several 
reasons why a more exact theory may give a lower value for the energy loss. 

(1) The figures given in Table 11 apply to electrons having really the energy 
Efl. Actually, when the electron has travelled a certain distance, say, 1 mm., 
it has lost some energy, and therefore the energy loss in the second millimetre 
will bo less than in the first. Thus, the actual range of the electrons will not 
be 300/550 = 0*55 cm., but about 2 cm. (f/. Table III). Even so, the electron 
should lose in 1 cm. of lead about 250 million volts, t.e., nearly all its energy. 

(2) It is not quite correct to liaso the arguments on the average loss of 
energy, beciause in each radiation process rather a large fraction of the energy 
is lost. Therefore, the actual energy loss may for some electrons be con- 
siderably smaller than the average (straggling, §6, section 3). But, since 
Anderson has measured rather a large number of electron tracks, it seems 
inconceivable that all his electrons should have lost particularly small amounts 
of energy. 

(3) Our calculations are based on Borii^s method which may be wrong for 

such heavy atoms as lead (§ 1). The error, however, should not be appreciable, 
since the creation of positive electrons seems to be in good accord with our 
calculation for energies 2~10 (§ 8) ; in particular the creation probability 

is found experimentally to be very nearly proportional to as required by 
Bom’s approximation. Since the calculations for creation of pairs and for 
emission of radiation are absolutely analogous, it is impossible that Born’s 
approximation can be far wrong for the radiation case. Therefore, even 
allowing for the three corrections, it seems impossible that the theoretical 
energy loss can be smaller than about 150 million volts per centimetre lead 
for Anderson s electrons. The theory gives, therefore, quite definitely a wrong 
result.f 

This ca!\ perhaps be understood for electrons of so higli an energy. The de 
Broglie wave-length of an electron having an energy greater than 137 is 
smaller than the classical radius of the electron, c^jnu^. One should not 
expect that ordinary quantum mechanics which treats the electron as a point- 
charge could hold under these conditions. It is very interesting that the energy 
loss of fast electrons really proves this view and thus provides the first instwn/ce 

f We do not think that the fact that the cosmic radiation roaches the bottom of 
ConsUnco is equally conclusive. For the highly penetrating radiation may consist of 
heavy particles ; for instance, protons. For these the radiation probability would be almost 
zero, being inversely proportional to the square of the mass. 
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in which quantum mechanics apparently break down for a phenomenon outside the 
nucleus. We believe that the radiation of fast electrons will be one of the most 
direct tests for any quantu^n-ehctrodynamics to be constructed.^ 

2. It appears, therefore, to be of great importance indeed to test the radiation 
formula) for energies for which they should be valid, t,e., Eq 137 Even 
here there is a region where the energy loss by radiation is much bigger than 
the energy loss by collisions. For lead, this region lies between 10 and 50 X 10® 
volts. The only electrons at present available in the required energy range 
seem to be those in the showers of cosmic radiation. Unfortunately they 
alwayvS occur associated with so many other electrons that it should be rather 
difficult to test directly the emission of radiation by such electrons. 

Therefore, the only means of detecting the radiation is the straggling of the 
energy loss of the shower electrons. To decide unambiguously whether this 
energy loss is due to ordinary inelastic collisions or to radiation, it would be best 
to investigate the loss in rather thin metal plates, say, 1 nun. thick. Then most 
of the electrons will undergo only collisions and will, thus, lose about 1-5 or 
2 miUion volts while a few will lose a considerable fraction of their initial 
energy (cf § 6, Table HI). 

Another test for the energy loss by radiation would be its dependence on 
the nuclear charge 7J. The energy loss per gm./cm.^ in Pb would, for electrons 
of an energy between 10 and 50 million volts, be much bigger than in Al, 
whereas it would be almost the same if the energy loss were due to collisions 
only. 

The theory could, perhaps, also be proved in the region of fast p-particles 
for which the radiation probability is already very large. If one chooses a 
suitable substance which emits no y-rays, the radiation emitted by the 
P^particles could be measured directly. Or one could investigate the Wilson 
tracks in a heavy gas such as xenon or a cornt)ound containing lead and detect 
directly the points where energy is lost without production of a branch track. 
In xenon the probability that the electron loses more than 1/10 of its energy 
in a radiation process is about 1 : 1000 per centimetre (electron energy 2-10 7nc% 

t A very interesting attempt haJi recently been made by Bom to change the classical 
field equations so as to take the electron radius into account. He found that, for wave- 
lengths X < ffl, one has to replace the electronic charge e by an “ effective charge which 
decreases rapidly with decreasing X/r^. This would, of course, immediately decrease the 
radiative energy loss, Cf, ‘Nature/ vol. 132, pp. 282, 970, 1004 (1933); vol. 133, 
p. 03 (1934) ; and ‘ Proc. Roy. Soc.,’ A, vol. 143, p. 410 (1934). An exact comparison 
with experiments is not yet possible, since up to tlus present the quantum translation of 
Bom*8 theory has not been developed sufficiently. 
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Finally, the stopping in a thin solid plate would give a more conclusive result 
than for shower-electrons, because many more particles are available. But 
the experiments with ^-particles would, of course, not make experiments on 
shower-electrons unnecessary, because one wants to see at what energy the 
quantum theory befpnn to give wrong results. 

3. The lowest cosmic ray electron for which the energy loss has been measured 
was one of 113 million volts. This is still outside the region where quantum 
mechanics is expected to a 2 )ply, but not very much above the limit of 137 nic^. 
Anderson found the energy loss in a lead plate of 13*5 mm, thickness to be 
about 27 .*10® volts, t.e., 20 . 10® volts per centimetre. This is only slightly 
more than would be expected for collisions only. If other tracks of this energy 
should give similar results, one would, therefore, conclude that already for 
this energy the quantum theory gives far too high a radiation probability. 
But it may be that this paiticular electron has, by chance, not emitted any 
large q^iantum. The question of the validity of our formulae for the radiation 
of electrons with energy smaller than 137 mc^ can thus only be decided when 
further experiments are available. 

On the oth(jr hand, the measured energy loss of 35 . 10® volts for the 300 
million volt electron seems to indicate that not only inelastic collisions are 
effective in the stopping of fast electrons.! should like to attribute the 
difference to emission of radiation. 


§ 8. Creation of Positive Electrons. 

1. Energy Distribution .- probability that a y-ray-quantum of energy 
Av creates a positive electron with energy between E+ and E+ — dEp and a 
negative one with energy between Eq and Eq -f dEo, is given by — 

Formula (21), if Av is of the order rm? ; 

Formula (22), if Av ;> /nc®, but Av <C 137 wc*/Z^ ; 

Formula (36), if EqE+/Av is of the order 137 mc®/2Z* or larger. 

The resiilts of these formulae are shown in figs. 5 (a) and 5 (6). The quantity 
actually plotted is the cross-section in units r^Z^jl^l. 

The absciss® denote (E^. — rm^)j{hv — 2mc^), i.e., the kinetic energy of the 
positive electron as a fraction of the sum of the kinetic energies of both electrons. 

1 It should be expecttnl that the exact quantum oloctrodynamioe would give rather a 
lower energy Iohs in collisions than the quantum theoiy which itself gives only 20 . 10*. 
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Fio. 5. — ^llnei^gj distribution of pairs of positive and negative electrons. is the croes- 
Aeotion (units for the oreation of a positive electron with Icinetio energy 

E+ — mcK The numbers aihxed to the curves refer to the energy of the light quantum 
Av in units mcK Fig. 5a is valid for any element (screening neglected), hg. 5& refers 
to lead. 
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The curves for small values of Av are valid for any element, those for Av > 50mc* 
are calculated for lead, for lighter elements would be a little larger because 
of the smaller effect of screening, but the general form of the curves would be 
the same. 

For quanta of small energy the probability of creation has a broad maximum 
when both electrons obtain equal energy. The maximum becomes flatter with 
increasing energy. For higher energies the probability has a flat minirmim for 
equal energy and a small maximum when one of the electrons obtains much 
more energj^ tlian the other. This change of the form of the curves can be 
seen directly from the formulee (22) and (36).t 

The energy distribution is apparently symmetrical in the energies of the two 
electrons. This is a consequence of the use of Bom’s approximation. In an 
exact calculation, the positive electron would be found to obtain more energy, 
on the average, than the negative, as has been pointed out by several authors. 
This is due to the repulsion of the positive electron and the attraction of the 
negative by the nucleus. If the electrons are generated at a distance r from 
the nucleus, the energy difference of the two electrons will be 27je^lr. 

Now according to § 4 the main contribution to the cross-section arises from 
a region between fijtnc and (/i/mc) {h^j'lmc^) provided that Av ^ 137 
We, therefore, estimate that the positive electron will obtain about 2mo®Z/137 
more energy than the negative for small Av ; for higher Av the difference will 
be smaller. 

2. AftgulaT Distrihution. — The average angle between the direction of 
motion of a created electron of energy and the creating quantum is of the 
order 6 «« mc*/Eo. For large energies, therefore, the electrons are emitted 
mainly in the forward direction. Explicitly, the number of electrons emitted 
at an angle 0 q is approximately proportional to 

e = («» 

)' energies of the order wc®, the angular distribution 
is more complicated and the preponderance of the forward direction less 
marked. 

3. Total Cfoss-sedion. Comparismi with Experiments. — The total cross- 
section is found by integrating the cross-sections (21), (22), (36) over all possible 

t For high energies Av the minimum E,, ™ E+ is less marked than in the theory of 
Oppenheimer and Plesset, who obtain proportional to E^® -f- which apparently 
is due to an error in their calculation. 
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energies Eq of the negative electron. Analytical integration is possible in 
two cases. 

(1) If me® < Av < 137 me® Z~i, then formula (22) (no screening) has to bo 
integrated, giving 

Opair = V “ W) ’ screening Av > me*), (61) 


a result which has been published in the preliminary note by Heitler and 
Sauter {loc. a/.). 



Fig. 6. — Integrated cross-section for the creation of pairs (units Z*rQ*/137) as a function 

of Av for lead { ), H,0 ( ), and without screening ( ). The beginning 

of the curve is also given with 8-fold enlargement (curve B). For comparison the cross- 
section for the Compton effect is given on the same scale. 

(2) If Av > 137 fne^ (complete screening) we find 

<l)p.ir = ro® ~ J log (183 Z-‘) - (complete screening) (62) 

For all other values of Av the integration must be carried out numerically. 
The result is shown in fig. 6, which gives the total cross-section for the creation 
of pairs in lead and aluminium (units Z®ro*/137). For comparison we have 
plotted the cross-sections for the production of Compton-electrons. 
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The cross-section is proportional to the square of the atomic number. It 
also increases rapidly with increasing energy of the quantum Av (for small 
Av). For very high energies Av an asymptotic value is reached which is 
determined by the ratio of the radius of the atom to A/wc, (In the space 
between A/mc and the atomic radiiis the probability for the production of pairs 
is appreciable. )t 

The calculated cross-section is in </ood agreement with exjgeriment as regards 
both the absloute number of pairs produced and the dependence on energy 
and atomic number. The direct experiments of Curie and Joliot,! Blackett 
and Occhialini§ and others, 1| give the ratio of the number of electron pairs 
produced by hard y-rs-ys to the nu/nber of Compton plus photo-electrons the 
Compton effect being calculable from the Klein-Nishina formula.^ Table V 
compares the theoretical and experimental values of this ratio for lead and 
various quantum energies. For the theoretical values an average value of Av 
has been assumed of 3, 5*2, and 11 respectively for the three sources. 


Table V. — Number of Electrons Pairs produced by y-rays. 


Energy 

2-^-4 ‘4 

Pb. 

5-2 

10-12'' 

AJ. 

10 12 

Units. 

me*. 

Source 

Ra mixture. 

Thcr\ 

Po "f 

P„ + Bo. 


I — 

section for production 

of ptiirn 

11 — Theoretii^al c:it»hh- 
section fc»r production 
of Ct>mpton and 

photo -electrons 

ni— Ratio of I to II 

(theoretical) 

IV — Ratio (experi- 

0- 12 

0-0 

2dl 

2-0 

1 

4-0 

3 0 

21 

12 ; 

i ZV 0 VI 37 

1 

0 03 

0-20 

0-96 

0 17 

— 

mental) 

(0-03) 

0-22 

(0-67) 

(0-06) 


The agreement is better than 

was to be expected, 

The values in brackets 

refer to measurenieiits maclo iii rather thick plates of lead,""" whereas the value 


t €f, § 4. I’hiH fiict in in contrast to Oppenheimer and Plesset, who maintain that all 
pairs are produced at difltancos A/mc* 
t * C. K. Aoad. Soi. Paris,* vol. 196, p. 1886 (1933), and p. 1681 (1934). 

§ ‘Nature,* voJ. 132, p. 917 (1933). 

II Grinberg, ihid.y vol. 197, p. 318 (1933). 

% The number of photo-oloctrons is for lead roughly 10% of the number of Compton 
electrons, and can be calculated from Sauter’s theory, 

•* A fairly large number of positive and negative electrons is shown to be absorbed in 
the plate, ainoo voiy often only one positron appears in the chamber without the accom- 
panying negative electron. 
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for the 5*2 wc® y-radiation is reduced to infinitely thin plates.f In particular 
the increase of the cross-section with iiwireasing energy is very well represented 
by the theory. 

The dependenc(j on the atomic number has been tested by a more indirect 
method ])y Heiting.J He measures the ‘‘ excess-scattering ” of y-rays in various 
elements (beside tlu; Compton- scattciring). This effect is known to be due to 
the recombination of a positive electron (after being stopped by collisions) 
with a negative electron, the rest ent^rgy of both electrons being emitted in two 
light quanta of energy 4v ™ each. Since all positive electrons die after 
travelling a comparatively short, path, the numbtsr of the emitted quanta is 
just twice the numbtir of positive electrons produced. The intensity of this 
“ scattered ” radiation is found to be almost exactly proportional to over 
the whole range of Z from aluminium to lead (the primary radiation had an 
energy which was Av ™ 5 • 2 mc^). This agreement proves tht^ validity of 
Born’s approximation for our calculations. This is rather surprising, since 
Born’s approximation means ati expansion in a power sciries in Zc^^ic. 

4, Absorption Coefficient for LiifU of Short Wave-length . — If the energy of 
the quantum becomes high, th(J probability for the creation of pairs becomes 
larger than that for the Compton effect (see fig. 0), since the latter decreases 
with increasing energy as l/4v . log (2Av/rwc2). Tins fact is analogous to the 
energy loss of particles by radiation (r/. §6). For lead, the creation of pairs 
is the more probable process already for Av = 10 for aluminium about 
Av 35 is requinid to make the probability for the two processes equal. 

The absorption of light of very short wave-length is, therefore, due to the 
creation of pairs rathiir than to the Compton effect. Since the creation cross- 
section increases with imreasing energy, the same is true for the absorption 
coefficient, a behaviour which is rather unfamiliar. Table VI gives the absorption 
coefficient for hard y-rays in Bb, Cu, and HgO ; it rises, for instance, to more 
than 1 in lead. It should, however, be considered that for Av > 137 mc^ 
the quantum theory will go wrong, as it does for the radiation of fast electrons. 
It is to be expected tliat, as a consequence, the absorption coefficient for 
quanta of energy greater than 137 ?nc^ will decrease again. § 

t We are indebted to Professor Blackett for his kind communication. 

t * Z. Physik/ voL 87, p. 127 (1933). 

§ [iVcJte added in proof, May 25, 1934.— In a recently published paper v. Weizsacker 
(Z. Phyaik/ vol. 88, p. 612 (1934), cf. footnote^ at the end §4) came to the conclusion 
that the theoretical results reached in this }3ai)er should be valid also for energies 
>137 me* If this result should be correct it would be hardly possible to reconcile it 
with the experiments mentioned in §7.] 
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Table VI. — Absorption Coefficient for Hard y-raysin various Materials in oxa~\ 


Absorption Energy in million volts, 

due to 




6 

10 

20 

50 

100 

1000 

Pb 

Compton oflect.... 

0-235 

0 141 

0 082 

0*039 

0-022 

0*003 

Pb 

Pttira 

0-24 

0-46 

0-68 

0*96 

M6 

1-43 

Pb 

Total 

0-48 

0*60 

0-76 

1-00 

1-17 

1-43 

Cu 

Total 

0-292 

0-276 

0-31 

0*36 

0-40 

0-60 

H,0 

Total 

0-082 

0 022 

0*017 

0-016 

0-016 

0*017 


Summary, 

The probability for the (nnissioii of radiation by fast electrons passing through 
an atom is calculated by Bom’s method (§1), the calculations going beyond 
previous publications mainly by considering the screening of the atomic field 
(§ 3). The results are discussed in §§ 6 to 7. The total radiation probability 
(fig. 3) becomes very large for high energies of the electron, indeed the stopping 
of very fast electrons (energy > 20 for Pb) is mainly due to radiation, not 
to inelastic collisions. The theory does not agree with Anderson’s measure- 
ments of the stopping of electrons of 300 million volts energy, thus showing that 
the quantum theory is definitely wrong for electrons of such high energy 
(I 7) (presumably for > 137 me*). 

By the same formalism, the probability for the creation of a positive and a 
negative electron by a y-ray is calculated (§§ 2, 3). The energy distribution 
of the electrons is shown in fig. 6, the total creation probability in fig. 6. For 
y-rays of between 3 and 10 me* the theory is in very good agreement with 
the experiments. 
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The Injl\i£nce of Pressure on the Sjmntaneous Ifpiition of Inflammable 
Gas-Air Mixtures III — Hexane- and Isohutane-Air Mixtures 

By D. T. A. Townicni), D.Sc., L. L. Cohen, M.Sc,, and M. R. Mandlekar, 
Ph.D., High Pressure Gas llesearcli Laboratorios of the Impcjriai College 
of Science and Technology, London 

(Cornniunicated by W. A. Bone, F.R.S. — Received March 1, 1934) 


Introduction 

In two recent cornniunications* we described the results of investigations 
into the influence of varying initial pressure up to 15 atmospheres on the 
spontaneous ignition of butane- and pentane-air mixtures, showing that in 
each case the ignition points were located in two distinct and widely separated 
ttunperatiire ranges, location in the higher range occurring at low pressures 
and in the lower range at high pressures. Transference of an ignition point 
from the higher to the lower range occurred sharply, at a critical pressure, 
wliich depended upon the hydrocarbon conc(?rned and the composition of its 
niixtui-e air. The bearing of these observations upon the probkun of 
knock was also discussed. 

A wide range of explosive media, comprising mainly the higher hydrocarbons 
contained in li<juid fuels, is now being systematically studied, and the present 
paper summarizes the results obtained for hexane- and isobutane-air mixtures. 
So far, our results support the view (also recently endorsed by Neumann and 
Estrovitchf) that the lower group of ignition points is the outcom(i of the 
survival and further rapid oxidation of certain interniediato bo<lies, a process 
favoured by high pressure, whereas the higher group results from ignitions 
mainly of the products of their thermal decompositions which are favoured by 
low pressui’e. 

We have refrained from attempting to examhie in close detail the mechanism 
of the processes involved with any of the combustibles referred to because a 
true interpretation of our observations will be more easily reached by an 
extension of our investigation, which is now in progress, to tlie lower hydro- 
carbons the oxidations of which are less complex. With hexane air mixtures, 

♦ ‘ Proc. Roy. Soc.,’ A, vol. 141, p. 484 (1933) ; vol. 143, p. 108 (1933). 
t ‘Natum/ vol. 233, p. 205 (1934). 

VOL. CXLVr.-™A. I 
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however, as opportunity has arisen we have studied such factors as the influence 
of “ surface ” and of the replacement of nitrogen diluent by oxygen, etc, 

A. Hexane- Air Mixture 

Promlure — (Xir experimental procedure followed closely that previously 
employed. A new explosion vessel lias been brought into use provided with 
four quartz windows arranged in a horizontal plane along one side, the heating 
furnace being so constructed as to provide visual access to the interior of the 
vessel. In all other details the vessel was identical with that previously 
employed and preliminary trials showed that ignition temperatures determined 
by means of it agreed closely with those previously reported. 

The hexane used was a synthetic product (b.p. 68-69^ C) supplied by the 
Eastman Kodak Company. The gas mixtures were made up and stored as 
before, both the storage cylinders and the capacity vessel* being now immer8e4 
in an oil bath thermostatically regulated at 80° C, At this temperature, 
which was adequate to maintain the hydrocarbon in the vapour phase at all 
storage pressures employed, mixing was complete in the course of a few hours 
and no change in composition on account of stratification was ever detected. 
Results — In fig. 1 a series of curves has been plotted showing the observed 
variation of ignition points with composition for mixtures of hexane content 
between 1 and 8% at pressures of |, 1, IJ, 1|, If, 2, 3, 6 and 10 atmospheres. 
The temperature range between the two groups of ignition points extends 
from 350° to above 495° C for mixtures containing less tlxan about 5*1% of 
the combustible and from about 290° to approximately 520° C for richer 
mixtures. This range compares with 350° to 490° C for all pentane-air mixtures 
and 370° to 450° C for all butane-air mixtures. The sudden widening of the 
temperature range for mixtures rich in hexane {see fig. 1) is an observation to 
which we shall refer later. 

Only at pressures below | atmosphere did the ignition points for all hexane- 
air mixtures lie entirely in the higher range ; one atmosphere sufficed to 
transfer to the lower range those for mixtures containing more than 5* 2% of 
th« combustible. This fact no doubt accounts for the conflicting and scanty 
data in the literature for ignition temperatures with this hydrocarbon at 
atmospheric pressure. 

Similar determinations have been made with the mild steel liner in the 
explosion vessel replaced by one of glass, the general effect of this change being 

♦ (See Part I, p. 487. 
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to lower the ignition points some 20°, whether in the higher or lower ranges ; 
the pressure requisite to lower them, however, was always slightly greater 
than with the mild steel liner. The thin-lined curve incorporated in those 
shown in fig. 1 gives the ignition points determined with the glass liner in use 



at atmospheric pressure ; the curves for all other pressures may be taken as 
showing similar shifts from our normal ciirves. 

As with butane- and pentane-air miictures the effect of additions of 0-06% 
of lead tetraethyl to the mixtures (as indicated by the two arrows) was to 
raise the ignition points in a limited pressure range just above the critical 
transition pressures ftom the lower to the higher system. 

1 2 
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r/tc Ignition Itegiom at Pmsures dxm the Crilwsal TransHwn ^’’***“*^ 

* TT\ we diflcovered that at prcssmes jtwfc 

With pentane-air mixtures (Part 11), we oiscovereu ^ . 

exceeding the critical transition pressures ignition occurred at y 

limilHxi temperature ranges which widened and ultimately 

p,„. Thi. p..— 



In in 2 aetniW (!uive6, N». 1,.3 »ik 1 5, k»ve ton to™ riwwing th» 
i -n..-.. ot «ogM.iv. inommente of initW pB..u« on the ignition pomt. 

ri». L^g hex^o content. 0-5, 2-7 ™d l-go/o »»peo.iv«ly. 
method employed in plotting these curves was to determine at mtervale of 
every few degrees over the whole temperature range two pressures separated 
uBuallv by not more than 0 • 06 to 0 • 1 atmosphere at the lower of which igmtion 
did not occur and at the higher of which it did. Little difficulty was ever 
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experienced in repeating the curves closely and certain of the mixtures used 
for purposes of reference have been examined frequently. To facilitate a 
proper understanding of the curves No. 6 may best be described. 

It should be understood that ignition occurred at any temperature and 
pressure found in the area to the right of the curve (shaded side). At pressures 
up to 1*9 atmospheres— the critical transition pressure— the ignition points 
were locatfKl in the top range and foil progressively with increase of pressure 
to 502'^ C. At this pressure ignition also became possible at 345'^ C but not 
at temperatures between 345"* and 502"" C. At 1*98 atmospheres ignition 
was possible at 298^^, between 340^ and 352^^, and at all temperatures above 
495* C. At about 2*4 atniosphores pressure the two lower ignition regions 
merged so that ignition was possible at temperatures between 293* and 360* 
and above 470*, but not between 360* and 470* C. At 4*6 atmospheres 
pressure ignition occurred at all temperatures above 280* C. 

On comparing curve No. 5 with Nos. 1 and 3 it will be observed that the 
regions in which the mixtures are non-ignitible are far more extensive for 
mixtures containing an excess of air than for those containing an excess of 
combustible ; thus with the 6*5% mixture, curve 1, they lie merely between 
0*85 and 1*29 atmospheres in contrast to the range 1*9 to 4*6 atmospheres 
for the 1*7% mixture, curve 5. 

An important feature of the curves is the fact that the higher of the two 
pressure minima of initial ignition in the lower range always lies closely to 
350* C ; this temperature is characteristic whether the hydrocarbon be propane, 
butane, isobutane, pentane, hexane or heptane. Tlxe lower pressure minimum 
is less definitely located but is observed with hexane-air mixtures between 280° 
and 310* G ; with other hydrocarbons it is sometimes not observed at all. 
We incline to regard these temperatures as probably indicative of a rapid 
thermal breakdown of some intermediate body or bodies, the formation of 
which is common in each combustion and the survival of which is vital to 
ignition in the low(^r temperature range. Attention is also directed to the 
fact brought out in curve 1 that with rich mixtures ignition at the critical 
transition pressure occurred first at the lower of the two pressure minima in 
the lower temperature range, thus effecting a fall in ignition temperatures for 
these mixtures (c/. also fig. 1) of no less than circa 230* C. 

Curves 2, 4 and 6 have been drawn similarly for 6 * 5, 2 * 7 and 1 * 8% mixtures 
to which 0*05% of lead tetraethyl had been previously admixed. These 
curves do not maintain uniformly the precise contour of those of the undoped 
mixtures, but they reveal among themselves common features when compared 
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with the latter, namely (1) a general though not invariable increase in ignition 
temperature over the whole pressure range* and (2) the necessity with the 
presence of lead tetraethyl for a higher pressure to effect ignition in the lower 
group. This higher pressure has the effect of raising the ignition temperatures 
over a narrow pressure range (as shown by the vertical arrows) by about 176*^ C 
for weak mixtures and about 230° C for rich mixtxu'es. 



Fig. 3 — A, 31% mixture ; B, 1*8% mixture. 

Cod Following our observation with pentane-air mixtures that in 

certain circumstances a small pressure pulse was observable which synchronized 
with the passage of a slow moving bluish flame and the production of a con- 
siderable formation of intermediate compounds strongly aldehydic in character, 
w6 have studied the extent of this phenomenon with two hexane-air mixtures 
each containing 3 * 1 and 1 • 8% of the combustible, respectively. The tempera- 
ture and pressure limits within which it could be observed are illustrated in 
fig, 3 by the diagonally shaded areas. Thus, with the 3 - 1% mixture, fig. 3, A, 
cool flames were first observed at 280° and at pressures between about 1*2 
and 1 '4 atmospheres under which conditions the time lag was about 23 seconds, 
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IiicreaBe of pressure above 1* * * § 4 atmospheres at this temperature resulted in 
true ignition as defined by the shaded boundary curve. Raising the initial 
ten)i>erature widened the lower pressure limit for cool flames to 0*6 atmosphere 
and progressively decreased the time lags until at 390“^ C they became very 
short and the pressure pulses much less intense ; at higher temperatures the 
phenomenon was no longer observable. With a 1*8% mixture, which con- 
tained an excess of air, fig. 3, B, the observations were much the same with the 
exception that cool flames did not occur at presstires below 0*7 atmosphere, 
and the temperature range was now restricted to between about 290'^ and 380'^ C. 
Also with the weaker mixtxire the cool flames were very much fainter and 
at the higher temperatures Tvere detectable by the pressure pulse alone. The 
temperature ranges referred to did not vary greatly whether either butane, 
isobutuTie, pentane, or hexario were used as the combustible. 

Fig. 3 also makes clear the relationship between our own determinations 
and those of Prettre* and more recjcntly of Coffey and Birchallt who have shown 
that at atmospheric pressure cool flames (so-called “ first inflammations or 
“ ignitions ’’) are observable only within restricted tcmperatiire ranges above 
which ignition is not possible until niuc^h higher temperatures have been 
reached. This matter has recently been referred to elsewhere^ and it has 
also been discussed in detail by Beatty and Edgar.§ 

We have not found in the literature any (complete explanation of cool flames. 
Though hesitating to advance a final opinion at the present stage of our 
work, we think that they result from the propagation of flames in which the 
combustion is limited to a definite oxidation, for example, an aldehyde, stage. 
True ignition does not normally ensue if the pressure and temperature con- 
ditions are (a) such as to allow the rapid breakdown of the intermediate body 
formed, or {b) in other circumstances are inadequate to promote its further 
rapid oxidation. 

Time-Lag^ m\d Knmk — It should be borne in mind that the ignition points 
determuied in these investigations are defined (Pt. I, p. 486) as '' the lowest 
temperature to which the vessel must be heated for ignition ultimately to 
occur,” In considering our results in the light of their possible application 
to internal combustion engines the question of time-lag is also one of great 
importance ; for in such conditions the maximum time-lag permissible would 

• * Bull. Soo. Chim. Paris,’ vol. 61, p.ll32 (1932), 

t * Boo. Ohem. Ind.,’ vol. 63, p. 267 (1934). 

t p. 267. 

§ * J. Amer. Ohem. Soc.,* vol. 66, pp. 102-114 (1934). 



120 D, T. A. Townead, L. L. Cohen and M. R. Mandlekar 

not then exceed (say) 0*005 second^*’* It is instructive, therefore, to consider 
from our curves the likely limiting pressure and temperature conditions for 
spontaneous ignition to occur in such short time intervals. 

In fig. 3, A, the small figures along the ignition point curve relate to the 
observtxl time-lags ; these are seen to depend mainly upon temperature. 
Thus at 2 atmospheres pressure, ignition point 274'^ C, the lag was 33 seconds ; 
this decreased markedly as the temperature was raised, being 15 seconds at 
B (I.r. 285" C) and approximately 1 second at A (I.P. 374" C). This short 
lag remained constant until a temperature of approximately 420" C had been 
reached ; thereafter it progressively increased being 4 seconds in the higher 
group at the critical transition pressure (C), These lags varied little with 
mixture composition, tending generally to be shorter with mixtures containing 
an excess of air. There was a marked shortening of the lags, however, as the 
paraffin series was ascended as the following figures for corresponding points 
(as in fig. 3, A, B, C) on the curves show : — 



Time-lags (secs) at 

Hydrocarbon 

A 

B 

C 

Butane 

10 to 15 

25 

6 to 8 

Pentane 

6 to 8 

15 

4 to 6 

Hexane 

(approx.) 1 

15 

3 to 6 


It is thus seen that the portion of the curve having the shortest lag, and there- 
fore probably of greatest l>6aring on internal combustion engine practice lies 
immediately above the point A (at about 350" C). By increasing the pressure 
at temperatures below 350" C ignition occurred with reduced time-lag and 
the boundary of the vertically shaded area is approximately the ignition point 
curve for ignition with minimum lag. It seems probable that for ignition to 
occur within such a short time-interval as 0*005 second much higher pressures 
still would have to be employed and we visualize a pressure shift somewhat as 
indicated by the horizontal arrow; these pressures might then coirespond 
with the Highest Useful Compression Ratios ” observed in engine practice. 

‘‘ Surface Influence — ^Hitherto, while recognizing that our ignitions might 
be influenced by surface conditions both in their initiation as well as in regard 
to lieat dissipation, wo have deferred investigating the matter closely because 

♦ We regard it unlikely that “ knock ” in an engine is merely spontaneous ignition ; 
the phenomenon may well arise, however, in circumstances responsible for a high rate of 
chemical reactivity in the explosive medium to which the spontaneous ignition teraiwrature 
is closely related. 
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of the known complexity of the combustione of the hydrocarbons under 
investigation. 

In order to obtain some insight into the matttsr, however, and particularly 
to^see how far our results might be influenced by employing a vessel with a 
large surface volume ratio, as would obtain in an engine cylinder, we have 
compared the results obtained with a 2*6% hexane-air mixture when the 



Pressure in atmospheres 

Fia, 4 — A: Curves 1, 2, 3 and 4 are for »/v ratios l-l, 1-23, 1-56 and 2-17. B: Curves I — 2-68% 
mixture ; with 0-5% valeraldchyde 2 ; 0-5% acetaldehyde 3 ; 1-0% acetaldehyde 4 ; and 6'0% acet- 
aldehyde 6. 

length of the explosion cavity was reduced by means of closely fitting mild 
steel plugs from the normal 6 inches to 4^ inches, inches and f inch respec- 
tively, the diameter remaining constant at IJ inches. In such circumstances 
the surface volume ratios were correspondingly increased to 1*1, 1-23, 1*66 
and 2 '17 respectively, and the curves obtained Nos, 1, 2, 3 and 4 are plotted 
in fig. 4, A. 
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Actually the first decrease in volume was found to facilitate ignition, the 
ignition temperatures being generally lowered, and markedly so in the higher 
temperature range ; the critical transition pressure was also reduced from 
1 *32 to 1’30 atmospheres. Further increase in surface volume ratio to 1*55 
and 2*17, however, progressively raised the ignition points, and the critical 
transition pressures were increased from 1*32 to 1*38, and 1*55 atmospheres, 
respectively. It is also interesting to observe that the influence of an increase 



Fio. 6 — Curves 1, 2 and 3 are for a 1*8% hexane-air mixture with mild steel, glass, and aluminium liners. 
Curve 4 1*8% hexane-oxygen mixture. Curve 6 C^Hn 4 9|Oj mixture. 

of surface had much the same effect as the addition of lead tetraethyl to the 
explosive mixture (cf. No. 4, fig. 2 and No. 3, fig. 4, A). 

In fig. 5, curves 1, 2 and 3 are in respect of a 1*8% mixture, curve 1 being 
the normal curve with a mild steel liner ; curves 2 and 3 were obtained with the 
mild steel liner replaced by glass and aluminium, respectively. As already 
indicated, a glass liner was found to effect a general lowering of the ignition 
point by about 20® C and with the 1 *8% mixture the critical transition pressure 
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was raised from 1-9 to 1*95 atmospheres. The aluminium liner efiected not 
only a still greater general lowering of the ignition points but also reduced the 
critical transition pressure from 1 *9 to 1*45. 

Ififinmce of Nitrogen Replace^nent by Oxygen — Curve No. 4, fig. 5, shows the 
ignition points for a 1’8% hexane-oxygen mixture and may be compared 
with that for the corresponding hexane-air mixture, No. 1. As is usually 
found with oxygen, the ignition points were all much lower tlxan with air as 
the diluent; moreover, the critical transition pressure was found at 0*98 
atmosphere which compares with 1*9 atmospheres for the corresponding air 
mixture. This curve also throws light upon the fact that the ignition tempera- 
tures of mixtures of the higher hydrocarbons with oxygen at atmospheric 
pressure are frequently given at oirm. 300° C, whereas those of the corresponding 
mixture* with air are usually above 500° C. 

We have also studied an undiluted theoretical hexane-oxygen mixture 
(C<jHi 4 + ^ 1 ^ 2 ) ignition points have been plotted in fig. 5, curve No. 5. 

The critical transition pressure was now found at a pressure of 0*3 atmosphere 
the curve maintaining the cliaracteristic pressure minima in the lower tempera- 
ture range, first at 295° and subsequently at 350° C. Our results for this 
mixture thus agree with the observation of Neumann and Estrovitohf who 
found that with a theoretical pentane-oxygen mixtm'e there was a “considerable 
scattt^riiig of their points ” and a sudden fall in ignition temperatures from a 
higher to a lower system at a pressure of 00 cm of mercury. We think, how- 
ever, that a more detailed study of their ignitions would show that the points 
do not drop vertically as in their diagram, but that there is initially over a 
definite pressure range a narrowing temp<iratxire zone in which ignition does 
not occur although it may do so quite readily in a lower temptuatiirii system. 

The Influence of Additions of Aldehydes — In Part II, p. 174, in support of 
OUT view that the lower group of ignition temperatures arises from the rapid 
oxidation of certain intermediate oxygenated bodies, we cited the observation 
of Bone and HillJ that 1% of acetaldel)yde was able to effect the ignition of 
a + O 2 mixture at 316° C and 710 mm pressure under conditions when 
the reaction normally proceeded quite slowly. And we showed that a 
like amount of the aldehyde was adequate to effect the ignition at atmospheric 
pressure of a 3*5% pentane-air mixture in the lower group at 318° C where 
normally a pressure of drca 2 atmospheres would liave been required. 

♦ c/. Dykstra and Edgar, ‘ Ind. Eng. Chem,’ vol. 26, p. 506 (1934). 

t Loc, ciU 

t ‘ Pmo. Koy. Soo./ A, vol. 129, p. 474 (1930). 
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In fig. 4, B, we have plottf^d ctirves showing the influence on the ignition 
points of additions to a 2-6% hexane-air mixture (curve 1), which contains a 
deflect of oxygen, of 0*5% valeraldehyde, curve 2, 0*5% acetaldehyde, curve 
3, 1*0% acetaldehyde, curve 4, and 6*0% acetaldehyde, curve 0. While 
the respective influences of either 0*5% of acetaldehyde or valeraldehyde 
were much the same, both tending to induce ignition in the lower temperature 
range, further additions of acetaldehyde had a very marked influence though 
perhaps not equal to that observed with the 3*5% pentane-air mixture. We 
would emphasize tlie fact that at temperatures above 360° C the influence of 
the aldehyde decrijased rapidly, and above 600° C no appreciable lowering of 
the ignition temperatures was observable, even if the amount of acetaldehyde 
was greatly increased above the proportions stated. This fact we regard as 
strongly supporting our view that at low pressures the ignitions in the higher 
temperature range pertain to the thermal decomponents of the oxygenated 
bodies the survival of which is responsible for ignition in the lower temperature 
range. 

When using acetaldehyde in these experiments care was always taken, 
before each determination, to ensure that the surface had been renormalized 
by admitting compressed air to the vessel and subsequently submitting it to 
a prolonged evacuation. Failure to carry out this precaution left the surface 
active, and induced subsequent ignitions at pressures slightly below those 
usually observed. 


B. Ischulam-Air Mixtures 

There is a considerable difference between the behaviours on combustion 
of corresponding straight- and side-chained hydrocarbons. In an engine, for 
example, whereas /^-octane is a bad knocking fuel, its isomers are comparatively 
free from tlie defect, so mucli so that 2-2-4 trinicthyl pentano (iso-octane) is 
widely employed as a standard for “ loiock-rating.” Until recently no study 
had been madti of the characteristics of the slow combustion of such hydro- 
carbons but in 1927-21) Edgar* investigated both w-octane and its isomers. 
He found generally that (1) oxygen attacked the methyl group at the end of the 
longest open chain of the hydrocurbou, the first recognizable products being 
water and the corresponding aldehyde ; (2) the aldehyde was oxidized to a 
lower aldehyde, water, etc. ; (3) with the branched isomers, the process pro- 
ceeded until a branch in the molecule was reached giving rise to a ketone 

♦ ‘Ind. Eng. Chem.,’ vol. 19, p. U5 (1927); * J. Amer, Chem. Soo./ vol. 61, p. 1876 
(1929) and vol. 61, pp. 2203, 2213 (1929). r/. also Poaso. ibid. vol. 61, p. 1839 (1929). 
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instead of an aldehyde ; and (4) since ketones oxidize more slowly than alde- 
hydes the reaction slowed down. 

A coxnpaxison of the behaviours of two isomeric hydrocarbons was therefore 
a matter of great interest because (a) if our view be correct that “ knock ’’ in 
an engine is conditioned by a compression ratio adequate to permit ignition 



0 2 ' 4 6 8 10 

Per cent iso-butane in air 


Theoretical I mixture for 
complete combustion 

Fio. 6 

in the lower of the two temperature ranges, then one would anticipate a higher 
critical transition pressure in our experiments with a side-chained hydrocarbon 
than with the corresponding straight-chained isomer ; and (b) if this anticipa- 
tion proved correct support would be forthcoming for the view that ignition in 
the lower temperature range is the outcome of the survival of some inter- 
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medially formed body or bodies—probably aldehydes — because of the known 
difference in the formations of these compounds in the two combustions. It 
remains to show how our results confirmed this anticipation. 

Having already studied butane-air mixtures in detail we were fortunate in 
obtaining a supply of liquid iso-butane, the simplest side-chained paraffin, 
from the Ohio Chemical and Manufacturing Company, Clovelaiid, U.S.A. 



Fig. 7 — ^The iso-butane contents of the mixtures are 1 — 6-8%, 2 — 3*7%, 4 — 2*6%, and 

3 - 3*7% with 0*06% Pb(C,Hd 4 . 

The purity of the material was checked both by chemical analysis and by its 
vapour pressure. 

We have plotted in fig. 6 a series of curves showing the observed variation 
of ignition points with composition for mixtures of iso- butane content between 
1 and 9%, and at pressures of 1, 2, 3, 3^, 3J, 6 and 10 atmospheres. These 
may be compared with the corresponding curves for the w-butane-air mixtures, 
Part I, fig. 2. It will be observed that (a) whereas the temperature range 
between the two ignition systems was 370° to 450° C for the w-butane-air 
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mixtures it was reduced to 365"^ to 390"^ C for the iso-butane-air mixtures, 
and (6) whereas If atmospheres sufficed to transfer the ignition point of rich 
w-butane mixtures from the higher to the lower temperature range, with iso- 
butane-air mixtures 3J atniospheres was necessary. 

A comparison l>etween the two sets of experiments is perhaps best brought 
out by studying the detailed curves for individual mixtures in ftgs. 7 and 8. 
In fig. 7, curves 1, 2 and 4, show the influence on the ignition points of pro- 



Pressure in atmospheres 

Fia. 8 — The butane contents of the mixtures are 1 = 1*54, 2 — 3*8, 4—1*8, 3 — 3*8 
with 0*06% and 6-1*8 with 0*06% 


gressive increase in pressure for mixtures containing 6*8, 3*7 and 2*6% of 
iso-butane, respectively. The two ignition systems are almost continuous 
but definite transition pressures occurred at 3*08, 3*7 and 4*4 atmospheres 
respectively ; ignition commenced in the lower range at about 370® C wdth 
each mixture and the ignition points fell progressively therefrom with further 
increase of pressure, the dual pressure minima phenomenon found with most 
other paraffins not being now observable. Curve 3 relates to the ignition 
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points of a 3-7% iso-butane-air mixture to which 0*06% of lead tetraethyl 
had been previously admixed. 

By contrast ctirves 1, 2 and 4, fig. 8, are curves for 6*4, 3*8 and 1*8% 
n-butane-air mixtures. The critical transition pressures occurred at much lower 
pressures, namely 1-7, 1*97 and 3*4 atmospheres respectively, ignition in the 
lower temperature range being initiated at 350° C with the 6 '4 and 3*8% 
mixtures, and at 370° C with the 1*8% mixture. It is also interesting to 
observe that whereas lower pre^ure minima at 310° C occurred with curves 1 
and 2 at 2*35 and 2*65 atmospheres, respectively, curve 4 for the weak 1*8% 
mixture resembles those of the iso-butane-air mixtures being quite smooth 
in the lower temperature system. Curves 3 and 5 show the influence of 0*05% 
of lead tetraethyl on the 6*4 and 3*8% n-butane-air mixtures, respectively. 


Summary 

An investigation into the influence of pressure on the spontaneous ignition 
of explosive hydrocarbon-air media has been extended to liexane and iso- 
butano. The ignition points have been found to lie in two well-cieflned tempera- 
ture ranges, location in the higher range occurring at low pressures, and in the 
lower range at liigher pressures. Transference of the ignition points from the 
higher to the lower range occurred at a critical pressure which depended upon 
mixture composition, and for rich mixtures was as follows : — 



Lower 

Higher 

Prosiiure roquisifco 


range 

range 

to effect transfer from 


below 

below 

higlicr to lower range 


°c 

°c 

atms 

Butane 

370 

450 

1-76 

Iso-butane 

370 

390 

3-25 

Pentane 

350 

490 

1-26 

Hexane 

350 

496 

0-9 


It is thought that the lower group of ignition points is the outcome of the 
rapid oxidation of certain intermedially formed oxygenated bodies the survival 
of which is favoured by high pressures ; the higher group restdts from ignitions 
of mainly the products of the thermal decompositions which are favoured by 
low pressures. This is supported by the fact that aldehydes promote ignition 
in^the lower temperature range but hardly at all in the higher range ; more- 
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over, a normal paraffin ia far more easily ignitible in the lower temperature 
system than a corresponding side-chained isomer the oxidation of which is 
known to give rise to fewer aldehydes. 

ii^nock in an engine is probably conditioned by a compression ratio adequate 
to promote ignition in the lower temperature range ; this compression ratio 
is raised by the presence in the medium of an antiknock. 


The Sorption of Methyl and Ethyl Alcohol by Silica Gels 
By A. Gkaham Foster, King’s College, London 
(Communicated by A. J. Allmand, F.R.S. — Received March 6, 1934) 

The original object of the present research was to investigate the sorption 
of methyl alcohol by silica gel, in order to compare the isothermals with those 
of water and ethyl alcohol, whicli had been dcterinined by Lambert and Foster.* 
Owing to the fact that the supply of gel used for this earlier work had been 
exhausted, it was necessary to examine a number of other specimens. One of 
these, which like the original gel, was a commercial product, was found to take 
up a larger amount at saturation, and also to exhibit hysteresis phenomena 
which were not observed with the original gel. Unfortunately it was im- 
possible to find a sample giving exactly the same shape of isothermal as the 
original gel, although some specimens known to belong to the same batch gave 
very similar curves. One of these was selected for the present work, and an 
examination has been made of the isothermals of methyl and ethyl alcohols 
on these two types of silica gel at 25° C. 

The fact that one specimen showed hysteresis provided a suitable occasion 
farther to confirm the view, always maintained by Lambert and the 
author,! these phenomena are in no way due to incomplete removal of 
permanent gases or other impmities from the systems. In previous workf 
with silica and ferric oxide gels, evacuation was carried out at 160° C, which 
is actually the optimum temperature of activation for the latter gel, the 
adsorptive capacity of which decreases rapidly when higher temperatures are 
employed. Bihca gels, however, will withstand a much liigher temperature 

* ‘ Proo. Roy. Soo,/ A, voL 134, p. 246 (1981). 
t Lambert and Foster, * Ftoo. Roy. Soo,,’ A, voJ. 136, p. 363 (1932). 
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with comparatively little diminution in capacity, and in the present work 
it has been shown that the hysteresis phenomena are not afieoted by raising 
the temperature of the initial evacuation to 250° C or even to 350® C. It 
has also been shown that the phenomena persist after continued “ flushing 
out ** of the gel with methyl or ethyl alcohol vapour* * * § (MoBain* suggested 
that the hysteresis observed by Lambert and Clarkf with benzene on ferric 
oxide gel would not have ocucrred if the gel had been flushed out with benzene 
before the isothermals were determined.) 

Experimental 

The experimental method employed previously was designed to enable 
systems to be examined over a wide range of temperature, but although this 
was extremely simple in operation, a considerable time was required for 
assembly and evacuation for each series of experiments. In the present work 
isothermals at 25° C only were required, and it was desired to investigate 
their structxire as closely as possible, in order to determine whether discon- 
tinuities were present. For these reasons the static method of AUmand and 
BurrageJ was adopted, by which points can be obtained very close together 
by removing known volumes of vapour from the system. The experimeutai 
procedure was exactly similar to that described by these workers and later 
improved by Burrage,§ but in general this “ pressure change “ method has 
been used only to determine those portions of the isothermal where an accurate 
knowledge of the shape is essential. The majority of points were determined 
by direct weighing of the gel container after reading the equilibrium pressure. 

The gel was evacuated at 160° C by means of a Leybold mercury vapour 
pump backed by a Hyvac oil pump, and then charged to saturation with the 
vapour. The container was then transferred, after weighing, to the measttrmg 
system, which consisted of a wide bore mercury manometer, the ground joint 
being sealed with Everett’s wax, A number of points were then determined 
by the pressure change method, opening the container tap to the evacuated 
manometer and calculating the weight of vapour removed from a previous 
calibration of the volume of the measuring system. The ooutainer was then 
removed and weighed in order to obtain a check on the calculated quantity 

* “ Sorption of Gases and Vapours by Porous Solids/* p. 191. 

t ‘ Proc. Roy. Soo./ A, vol. 122, p. 497 (1929). 

X * Proo. Roy. Soc./ A, vol, 130, p. 610 (1981). 

§ ‘ J. Phys. Chem./ vol. 36, p. 2272 (1982). 
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values. An example of the agreement between the calculated and observed 
amounts is given by the following figures obtained with methyl alcohol : — 

Calculated loss after 31 points determined by — 


Pressure change method 107-42 mg/gm 

Actual loss 107-47 ,, 


The methyl alcohol used was specially purified for conductivity work and 
was kindly supplied by the Balliol College Laboratory, Oxford, The, ethyl 
alcohol was not of quite such a high standard of purity, but it was carefully 
dried and fractionated before use, and the vapour pressure found to agree 
with the values given by Ramsay and Young. 


The Sorption of Ethyl Alcohol 

The isothermals determined in the previous work,* were of rather peculiar 
shape. At a concentration of about 100 mg/gm the pressure was only about 
one'fiftieth of the saturation value, whilst at approximately 126 mg/gm, the 
curve became linear and continued so until about 166 mg/gm where the pressure 
was about one-half saturation. The isothermal then rose sharply to satura- 
tion at 160 mg/gm. 

In the present work the sample approximating to the original gel, which 
will be referred to as “ Gel A,” has been found to reach a pressure of one- 
fiftieth saturation at a concentration of about 100 mg/gm and is linear between 
145 and 166 mg/gm, the pressure at the latter concentration being about one- 
third saturation. The quantity of ethyl alcohol adsorbed at saturation is 
about 180 mg/gm, nearly 12% greater than that of the original gel. 

The sample of gel with the higher capacity which will be referred to as 
** Gel B,” gives an isothermal which rises from one-fiftieth saturation at 
140 mg/gm, and is linear between 170 and 265 mg/gm, a range of 96 mg/gra, 
or about one-third of the total amount held at saturation, which is approxi- 
mately 300 mg/gm. At a pressure of 27 mm the gel A isothermal is rising 
almost vertically towards saturation, whilst, the gel B isothermal is bending 
horixontally into the hysteresis area, whicli follows the linear part. 

Od A . — ^A sample weighing 4-9620 gm was used and the isothermal was 
investigated in detail from the saturation pressure, 59 • 4 mm, down to 2 • 54 mm 
by the pressure change method, a total of 75 points being determined, with 
five weighed points to check the calculated quantity values. 

* * Proo. Roy, Soc,/ A, vol. 134, p. 246 (1931). 
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Kg. 1 shows the isothermal plotted graphicallj, and the weighed pointe 
are given in Table I. 

Table I 

q (mg/gm) Prewoie (mm Hg) 

174-97 31-10 

161-00 14-70 

147-82 8-00 

141-00 4-80 

130-70 2-46 

Saturation value 182 mg/gm 

Range of linear portion j — 143-7 to 163-0 mg/gm 

p O-OS to 16-9 mm 



Gd B . — ^The sorption of ethyl alcohol by this gel was investigated in detail 
from saturation down to 1*6 mm pressure. The sample, weighing 4*952 gm 
was first evacuated at 150° C and after charging, a series of about 170 points 
was obtained. The isothermal is plotted in fig. 1. 
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The “ ascending ” points were all obtained by charging the gel to the 
observed pressures and then removing the container for weighing. Nineteen 
points were determined by the pressure change method without interruption, 
the gel being maintained isothermaliy at 25° C throughout the series, two 
points, determined by weighing, serving as a check upon the calculated quantity 
values. The remaining points given in the graph are selected from a total 
of about 150, and serve to define the general shape of the isothermal. 



In fig, 2 the hysteresis area is shown plotted on a larger scale, and it will be 
seen that there are three quite definite breaks in the desorption curve; at 
30 ‘ 1, 29 • 1 and 28 ■ 6 mm respectively. Although the isothermal was examined 
in detail over the entire range, no further evidence of discontinuities was 
observed except below 2 mm pressure where points taken at intervak of about 
0-2 mg/gm do not fall on a smooth curve. There is no indication of any 
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regular Btep-like breaks as have been observed with carbon tetrachloride 
on sibca gel and charcoal.* 

In order to see whether breaks could be observed after ** flushing out ” the 
gel was charged with alcohol vapour at room temperature, and the container 
heated to lOO'^ C for several hours with the tap closed. The gel was then 
evacuated as completely as possible at 150"" C and recharged. Portions of the 
isothermal were then examined closely, but showed no signs of irregularities. 
This treatment was repeated after heating the gel m vacuo at 250° C and a 
series of seventeen desorption points gave readings almost identical with those 
obtained during the first run, but the low pressure breaks were no more 
definite than before. The gel was then refluxed with ethyl alcohol for several 
hours but this treatment also failed to reveal any further breaks, and the 
discontinuities in the hysteresis area became less definite. A final evacuation 
at 350° C was also unsuccessful and apart from a shift towards the pressure 
axis, the shape of th(i isothermal remained unaltered. 

The Sorption of Methyl Ahohol 

Gel A. — 5*045 gm was evacuated at 160° C and the isothermal was investi- 
gated from saturation (116 mm) down to 0*40 mm. The results are shown 
graphically in fig. 3. 

The linear portion of the isothermal is not very well defined, and after 
several sorption and desorption experiments had been carried out, a shift 
towards the pressure axis occurred, and the linear part was then observed 
between 30 and 50 mm pressure, the corresponding q values being 150 and 
170 mg/gm respectively. The isothermal was examined in detail from about 
40 mm pressure up to saturation, during sorption and desorption but there 
was no evidence of any lack of reversibility in this region, where the hysteresis 
phenomena occur on the other type of gel. 

Gel B . — A sample weighing 5*0082 gm after evacuation at 150° C was 
charged up to satmation and a desorption curve determined. This is shown 
graphically in fig. 3, curve 1. 

The gel was then evacuated, recharged and flushed out at about 80° C for 
several hours at 150 mm pressure. After evacuation the gel adsorbed prac- 
tically the same amount at saturation as before (302 mg/gm), but the desorption 
curve began to shift towards the pressure axis away from the original curve. 
After about twenty points had been obtained an ascending ” isothermal 
was commenced. These readings are shown in fig. 4 together with the subse* 
* Bnirage, * J. Phy«. Chem.,’ vol. 37, p. 506 (1033). 
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quently dotemiined “ descending ** points, which showed no further shift. 
Although the points are not sufficiently close together to reveal any dis- 
continuities the second series of desorption points gave same indication of 
breaks resembling those obtained with ethyl alcohol, but owing to the shift 
of the isothermal these readings were rejected. The gel was next evacuated 
at 250^ C and another isothermal determined, which is shown in fig. 3 as 
curve II ; apart from the shift towards the pressure axis there is clearly no 
alteration in shapt^. 

The behaviour of the methyl alcohol isothermals at low pressures is interest- 
ing, since the curves for the two gels tend to coincide below 3 mm pressure. 
This is illustrated in fig. 5 which shows the lower portions of both isothermals 
plotted as log p — log g curves. Unfortunately the ethyl alcohol isothermals 



were not investigated below 1 mm pressure by the static method, but during 
the preliminary examination of the gels, data had been obtained by the 
retentivity method* down to 0*2 mm pressure, which were considered of 
sufficient accuracy to indicate that there is a considerable separation between 
the two curves even at 0*3 mm, fig, 5. Below a concentration of about 
100 mg/grn, where the pressure is approaching 0*1 mm the cxirves run together 
more closi^ly. 

Comparative data are given in Table II for the saturation values and the 
range of the linear portion of the four isothermals which have been studied. 

Discussion 

An examination of the two types of silica gel isothermals shows that, apart 
from the hysteresis phenomena exhibited by the ** B ” gel, they are essentially 

* Barrage, ‘ J. Phyg. Chem.,* vol, 37, p. 736 (1933). 
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similar in shape* The two curves for methyl alcohol, figs. 3 and 5, are prac- 
tically coincident from 3 mm down to 0*3 mm pressure. If the surfaces of 
the two gels were similar in nature and extent, one would expect the initial 
stages of the sorption process to be identical, at least, as far as the formation 
of the first layer is concerned, but it would appear that the unimolecular layer 
is already completed even at the lowest pressures observed in these systems, 
since the Langmuir equation is inapplicable. Capillary condensation in 
accordance with the Kelvin equation does not generally appear at pressures 

Table II 

V (mg/gm) 

(j-eJ A« Gel JB- 

MeOH. Eton. MeOH. EtOH. 


Saturation value 185 182 302 301*5 

Linear portion begins 146 143 155 170 

Linear portion ends 102 165 265 265 


below about one-third saturation, so that the major portion of these iso- 
thermals must represent some intermediate stage in the sorption process, 
the mechanism of which is uncertain, but may consist either in the formation 
of additional layers, or in the filling up of pores of molecular dimensions by 
a modified condensation process, to which the Kelvin equation is inapplicable. 
It is hardly to be expected that either process would involve a simple relation 
between pressure and concentration, and it is therefore surprising to find in 
the middle of the isotliermals a linear portion which, for the B ” gel, extends 
over a considerable range of pressure. Such a relation is, of course, character- 
istic of the early stages of layer adsorption where only a small fraction of the 
surface is covered, but is most unlikely to occur during th<^ last stages of any 
such process. Nor is it easy to see how a condensation process could load to 
such a relation, unless there is a balance between the capillary and the adsorp- 
tive forces. It is interesting to note that the isothermals of methyl and ethyl 
alcohol on ferric oxide gel, which has a coarser structure, do not show this 
linear part. 

The manner in which the sisse of the adsorbed molecule can influence the 
shape of the isothermal on a given adsorbent has been discussed elsewhere 
by the author* and a similar argument may be used to illustrate how the 
capillary radius of the adsorbent can affect the shape of the isothermal. It 
has already been suggested that the two gels have essentially the same surface 
areas, but the saturation volumes are roughly in the ra tio 3 to 5 ; it is therefore 

* Foster, ‘ Trans. Faraday Soc.,* vol. 28, p. 646 (1932). 
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evident that in a simple structure of cylindrical pores it would be necessary 
for the capillary radii to be in the same ratio also, so that if the radius of the 
pores of the B gel were five times the diameter of the adsorbed molecules that 
of the A gel w^ould be only threti diameters. Now, in order to simplify the 
argument, let it be supposed that the true adsorption process ceases after the 
formation of a second adsorbed layer, and that further sorption can occur 
only by capillary condensation : a comparison of the two gels at the stage 
where layer formation is complete will show that in the A gel there remains 
unfilled, in the centre of the pores, a space whose radius is equal to only one 
molecular diameter, wh<jr(!as in the B gel the radius is three diameters. In 
the former system it is not to be expected that capillary condensation will 
take place in accordance with the Kelvin equation, and this final stage will 
repre^sent only about one-tenth of the total sorption. On the other hand, in 
the B gel condensation can occur in accordance with the Kelvin equation, and 
this process will represent a larger proportion of the total than in the A gel. 
A(5tufilly, of course, the true structure of the gels is more complex than has 
been assumed in this illustration and it is not suggested that the radii of the 
capillaries are really three or five times the diameter of the adsorbed molecules, 
but it is quite evident that the pore size may afiec'.t the shape of the isothermal 
to a marked extent. There can be little doubt that the difference Ixitween 
the two gels is due mainly to some simple structural difference of this type, 
although the mechanism of the sorption process may not be as simple as that 
assumed. 

Since condensation takes place in the last stages of the sorption pro<508s of 
the B g(il, it is possible to calculate the capillary radius by means of the Kelvin 
equation. Similar calculations have been made by the author for ferric oxide 
gel,* and it has been shown that the point of inflexion which occurs in the 
middle of the hysteresis area on the desorption curve is the most convenient 
point from which to make this calculation. The relative pressures at which 
this inflexion occurs with methyl and ethyl alcohol on the B gel, together with 
the calculated radii are shown below'. 

Rel. pressuw^. r ( X 10”^) cm. 

Methyl alcohol 0-64 1 » 63 

Ethyl alcohol 0*49 1*43 

The agreement is of the same order as that found for benzene and ethyl 
alcohol on ferric oxide gel, where the values are 1 - 6 and 1*8. 10"’^ cm respec- 
tively. 
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It has been pointed out by the author*^ that it is impossible to determine 
how accurately the Kelvin equation holds unless the variation in the thickness 
of the adsorbed layer can be estimated ; because, although the pore size 
does not alter (unless sorption is accompanied by any marked swelling of the 
adsorbent), the radius of the space which is filled by condensation diminishes 
as the thickness of the adsorbed layer increases. It is therefore to be expected 
that for a given adsorbent, the larger the adsorbed molecule, the lower will 
be the radius calculated from the Kelvin equation. Qualitatively the results 
so far obtained support this view, since in the present work ethyl alcohol gives 
a lower value than methyl alcohol, and on ferric oxide gel, benzene gives a 
smaller value than ethyl alcohol. It must, howevt^r, be remembered that the 
lack of complete agn^ement may be due to the fact that the limit of validity 
of the Kelvin equation has been reached, since the calculated radii are only 
three or four times the diameter of the adsorbed molecules. If the adsorbed 
layer on the walls of the capillaries is two molecules thick, the actual pore 
radius of the B gel must be at least of the order 2*5 * lO" ' cm, or about five 
molecular diameters. It is interesting to note that the water isothermals on 
the A ” type silica gel show an inflexion in the hysteresis area corresponding 
to a radius of only 1*0 . 10”’ cm, whence, allowing for a dotible layer on the 
waUs, the actual pore radius would be about 1*7 . 10”’ cm. This suggests 
that the actual capillary radii of the two gels are not vastly different from 
those which were arbitrarily assumed in the ilhistration given above. 

In order to obtain further information concerning the validity of the Kelvin 
equation it is proposed to extend this investigation to other alcohols and 
related compounds so that data may bo available for a number of members of 
a homologous series, and the effect of the gradual increase in molecular size 
observed. 

The author’s thanks are due to Dr, B. Lambert for the loan of the samples 
of silica gel ; to Professor A. J. Allmand for providing laboratory accom- 
modation ; and to the Department of Scientific and Industrial Research for 
a Senior Research Award, during the tenure of which this work has been 
carried out. 


Summary 

Sorption iaothermals of methyl and ethyl alcohol have been determined 
on two samples of silica gel at 26^^ C. The isothermals on the two types of 

* ‘ Trans. Faraday Soc.; vol. 28, p. 646 (1932). 



140 


J. Iball 


gel are similar at low pressures, and all four show a linear range at intermediate 
pressures. At higher pressure the gel with the higher capacity exhibits a well 
defined hysteresis area, which is reproducible, and is not affected by drastic 
flushing out, or by evacuation at 350"^ C. The different behaviour of the two 
types of gel is attributed to a simple difference in capillary structure. The 
pressures at which hysteresis occurs correspond to a constant capillary radius 
as calculated by means of the Kelvin equation. 


An X‘Ray Analysis of the Structure of Chrysene 
By John Iball, M.8c., Ph.D. (Fellow of the University of Wales) 
(Communicated by Sir William Bragg, O.M., F.R.S. — Received March 16, 1934) 

Chrysene crystallizes in the monoclini<’. system. By means of rotation, 
oscillation, and moving film photographs the following crystal data have been 
obtained 

a = 8-34 A, 6 = 6*18 A, c = 25-0A, 115*8°. 

All the planes {hU) are halved when A + i ^ is odd and in addition all the 
(AOZ) planes are halved. There are two space groups available, 0%;^ (12 jc) and 
O, (Ic). In what follows it will be shown that the former space group is the 
more probable. The measured density is 1*27 (at room temperature) giving 
4 molecules of Cig Molecular volume = 290 (A)®. 


Intensity Measurements 

The crystals used in this investigation were from material supplied by Dr. 0. 
Rosenheim and Dr. Gilchrist, of the Davy-Faraday laboratory, very kindly 
crystallized them. Most of the intensity data for the Fourier analysis were 
obtained with a small crystal weighing approximately 0*037 mg. 

The photographs were taken with copper Ken radiation on a Weissenberg 
type of camera and the relative intensity of the spots measured on an integrating 
photometer designed by Dr. Robinson.* I am indebted to Dr. Robinson for a 
measurement with Mo radiation of the absolute intensities of reflection from 
the (002) and (110) planes. This made it possible to put the relative meosure- 

♦ ‘ J. Soi. Instr/ vol. 10, p. 233 (1929). 
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ments on an absolute scale. This absolute scale was checked with copper 
radiation by taking photographs on a new spectrometer, designed by Dr, 
Bobertson, which permitted accurate comparisons to be made of the intensities 
of reflections from any two crystals. In this way two chrysene crystals were 
compared with a standard crystal. Tlie absolute values of the reflections from 
the standard crystal were already known. This spectrometer was also used to 
correlate the intensities of the very strongly reflecting planes with the weakly 
reflecting planes. A shutter operated by a timing switch made it possible to 
reduce the intensity of the strong planes by a known factor. 

With the size of crystal used the absorption of the X-rays is small and 
the efioct of extinction is negligible. The crystal used for the intensity data 
of the (Okl) zone was very nearly rectangular in shape and so it was possible 
to calculate without too much labour an approximate correction for the 
absorption of rays reflected from each plane in that zone. The maximum 
correction was for the (002) plane and the minimum that for the (020), the 
difference between these two planes being 10%. 

No direct measurement of the absorption coefficient was possible as the 
crystals are too small, so a value was cahmlated from the mass absorption 
coefficients of its constituents, carbon and hydrogen. The linear coefficient 
was obtained from the mass coefficients given in thu “ New International 
Tables for Crystal Structure Determination,’’ ((x/p for carbon "" 5*50 and 
0*70 for Cu . Ka and Mo . Ka respectively. For hydrogen \i/p is approxi- 
mately 0*15 in each case*). The absorption coefficients thus obtained for 
chrysene are : p per cm = 6*8 and 0*87 for Cu . Ka and Mo . Ka respectively. 

It is necessary to make a preliminary attempt at the determination of 
structure by a method of trial and error. The information so gained may then 
be us<^d for a careful analysis by means of a Fourier analysis 

Structure by Trial and Error 

From the similarity of the chemical formula of chrysene to that of anthracene 
it seemed reasonable to assume that chrysene would have a planar molecule as 
those of anthracene and naphthalene,*)* and that 1*41 A would be the benzene 
ring radius. 

As there are only four molecules in the unit cell the space group C®a;^ requires 
either a dyad axis or a centre of symmetry in the molecule, while the space 
group O, requires no molecular symmetry. With polar molecules it is often 

* I am indebted to l>r, Lonsdale for these values from the proofs of the tables. 

t Roberteon, * Proc. Roy. Soo.,’ A, vol. 140, p. 79 (1933) ; vol. 142, p. 674 (1933). 
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possible to show the presence of pyro-electricity when the crystals are cooled 
in liquid air. This was tried with chrysene and a negative result obtained, 
but the smallness of the crystals made this of little value. However, since 
anthracene and naphthalene have centres of symmetry it is not unreasonable 
to assume that chrysene also has one. The agreement between the observed 
structure factors and those calculatcul on this assumption is sufficiently good 
for it to be said that this is justified as far as the X-ray analysis is coiuseraed. 

In order to give the chrysene molecule a dyad axis it would be necessary 
to make the plane of the molecule coincide with the (010) of the crystal. 
Intensity considerations rule out this possibility at once, since the (OifeO) 
intensities do not fall off “ normally.” 

By far the strongest reflection observed was from the (205) plane and this 
was taken to indicate that most of the atoms were near to this plane. Aho the 
(OGO) and the (0317) planes, see figs. 2 and 4, had large 
structure factors, and, as these are very small spacing 
planes, it pointed to an enhancement due to the spacing 
of the planes coinciding with a natural periodicity of the 
molecule. The molecule was therefore placed with its 
centn? of symmetry at the origin of co-ordinates, the 
long axis OA, fig. 1, perpendicular to the (001) plane and 
the short axis OB along the 6 axis of the cell 
With the molecule in this position it was seen that the 
spacings of the planes (060) and (0317) showed a fair 
agreement with periodicities in the molecule. Also the 
angle between these two planes was about 57°, which 
seemed to show some coincidence between their position 
and the sides of the benzene ruigs. 

In the space group it is possible for the reflected molecule to lie either 
half-w^ay along the c axis of the unit cell (l2/c), or half-way along the a axis 
(lo), le., the co-ordinates of the asymmetrical unit can be expressed as follows : 



Fia. 1 


(1) lx,y,z] x,y,^—z; J -f J 4- y, ^ -f 2 ; J _ aj, ^ -t- y, 2 ; | 

(I 2 /c) [x,y,l\ X, y, i + 2 ; ^ — x, J — y, ^ — 2 ; i + x, J — y, z. J 

(2) f y, a ; i — X, y, *2 ; i -f X, J 4- y, J + 2 ; i 4- y, J — 2 ; ^ 

(12/a) \l,y,l; H- x, y, 2 ; ^ ~ x, J — y, | — 2 ; x, J — y, ^ 4- 2 . 


However, if the molecule is given a position near to the plane (202) it can 
1)6 seen that the plane (0317) will be almost exactly halved when the reflected 
molecule is at half a translation along the a axis of the cell (see fig. 2). As this 
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plane is a very strong one it is unlikely that the molecules are arranged in this 
way. A more convincing proof is given by Table I showing the agreement of 
the observed and calculated structure factors with the molecules in each of the 
possible positions. Only those planes having an odd k index are affected. 


Table I 

Structure faoton* 


Okl 


Calculated 


Observed 

f 




position (1) 

position (2) 

Oil 

20 

^30 

+ 127 

013 

16 

+ 10 

-41 

015 

36 

-29 

+26 

035 

84 

-70 

-2 

037 

34 

■ 27 

-3 

0315 

43 

-34 


0317 

54 

-54 

-5 


With the plane of the molecule perpendicular to the (001) plane and parallel 
to the h axis, the structure factors of the (001) planes were calculated from the 
co-ordinates of the atoms and an F-curve for carbon obtained from graphite,* 
The agreement with the observed values was not very good, but it showed that 
the orientation of the molecule W'^as not far from this position. 

Various positions were now tried, first rotating the long axis about the 
y-direction and then about the a;-direction. It was found that this axis of the 
molecule could not he moved from the {xz) plane without destroying the agree- 
ment between observed and calculated structme factors of the (001) planes. 
The best relative agreement was obtained with an inclination of about 10*’ 
from the normal to the (001) plane. 

Taking then the (OAH)) planes, the short axis of tlus molecule was rotated 
about the normal to the (001), and the best relative agreement foimd between 
observed and calculated structure factors. This was obtained when the short 
axis was inclined at about IG® to the y axis. With these 2)lane8 also it was 
foimd that the long axis must remain very near to the (xz) plane. With these 
values it is possible to calculate the co-ordinates of all the atoms. 

Using the co-ordinates so found the structure factors for all the planes 
observed were calculated, neglecting the effect of the hydrogen atoms. The 
relative agreement for the (Okl) planes was fairly good, but that for the (hOl) 
planes was not so satisfactory. It was realized that the (Okl) planes were not 
sensitive to a movement of the plane of the molecule away from the b axis. 

• Bernal, ‘ Pmo. Roy. Soo.,’ A, vol. 100. p. 749 (1924) ; Lonsdale, ibid., vol, 123, p, 499* 
(1929). 
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The disagreemont between the observed and calculated values for the {hOl) 
planes indicated that the molecule waa further from this axis than the position 
given above and that the angle 16® between the short axis of the molecule and 
the h axis should probably be increased. However, as the structure factors 
of the (Okl) planes are very insensitive to such a movement, it seemed safe to 
assume that the good agreement obtained in the case of these reflections was 
suflioient to determine the signs of the structure factors. So at this stage 
of the investigation it was decided to carry out a two-dimensional Fourier 
analysis about the (Okl) zone and obtain refinement of the structure in this 
way. 


Fourier Analysis 

The application of the double Fourier series to crystal structures was 
developed by W. L. Bragg.'*' In the present investigation the density of 
scattering matter in the unit cell has been projected on to a plane perpendicular 
to thf3 a axis. The density of scattering matter per unit area is given by : 

P (y^) =4 S L F (OM) cos . 2:: (ky/b + Izjc ) , 

A ~ oo 

for a projection along the a axis. The coefficients of the Fourier series are the 
experimental structure factors whose signs had been determined from the 
analysis given above. 

For the successful application of this method it is necessary to measure 
reflections sufficiently weak to give structure factors approaching zero. For 
these measurements on chrysene the ratio of the strongest reflection to that 
of the weakest is about 3000 to 1. Even so it will be seen in Table II that 
planes of very small spacing such as (0121) and (062) have fairly large structure 
factors. The neglecting of planes having structure factors below these will 
tend to make the outer portions of the atoms in the projection a little uncertain. 
This probably explains the presence of some negative values of p (yz) in the 
space representing the cleavage plane (001). If the absolute scale is a little 
too high, this will also tend to give negative values. The centre of the atoms 
will, however, be fixed by the bigger structure factors. 

The density of scattering matter shown in the tables and the contour diagram 
is in absolute units. The number 480 shown in Table II as F (000) is the total 
number of electrons in the unit cell. This is the first term in the Fourier 
series. 

♦ * Proo. Hoy. Boo./ A, voL 123, p. 637 (1929). 
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Table II — Chrysene. Values and signs of F(0A1). When k w odd, I is odd. 
When h is odd, F(0^^) = — F(0kl). When k is even, F(Oil) = F(0^) 

i ,. 



6 

5 

4 

3 

2 

1 

0 I 

5 


4 


s 

; 0 

«46 


-14 


-56 


f +4801 

-66 


-14 


-46 

1 


.^7 


+ 12 


-20 

+20 


-12 


+7 


2 

-18 


— 


-36 


+ 76 

-36 


— 


-18 

^ 3 


-- 


— 


+ 10 

-16 


— 


-* 


4 

— 


- 


+35 


-64 

36 




— 

r > 


— 


-84 


+36 

-36 


+ 84 





a 

— 


— 


— 


+ 25 



— 



7 


— 


-34 


-0 

+6 


+ 34 


— 


8 

— 


— 


-5 


-27 

-6 


— 


— 

0 


-- 


+ 8 


+ 12 

-12 


-8 




10 

— 




— 


+ 88 

— 


— 


-- 

11 


— 


— 


+ 15 

-15 


— 


— 


12 



— 


-17 


+66 

-17 


— 


— 

13 




4-9 


— 

-- 


-9 


— 


H 



— 


+ 12 


-25 

+ 12 


— 


— 

15 




-43 





+43 


— 


16 





+32 


— 

+32 




— 

17 

18 



• 


-54 




— 


+54 


— 

— 

10 

20 



_ 

— 

_ 

' 

— ^ 






... 

21 


— 




-16 

+ 16 


- - 


- 


22 

— 


— 




-18 

..... 


- - 




Table 111 gives the results of the summation and hg. 3 (a) is the contour 
diagram obtained from them for one-half the unit cell. Fig. 3 (b) shows the 
relative positions of the atom centres, the lines drawn in full connect the atoms 
of the identical molecule the centre of 8)Tnmetry of which is in the plane of 
the diagram. The dotted lines join atoms of the reflected and identical 
molecules which lie at half a translation perpendicular to the paper. 
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Table III — ^Projection along the a axis. Density as number cS. electrons per 


IH 

3 

6 

18 

28 

square 

31 26 

A X 10 

le 10 

7 

6 

6 

3 

1 


Tm 

8 

2 

13 

23 

26 

21 

14 

8 

7 

0 

6 

4 

2 

9 

sn 

6 

3 

5 

13 

17 

14 

9 

6 

6 

8 

6 

6 

4 

6 

T« 

3 

1 

3 

n 

16 

13 

9 

6 

5 

6 

7 

7 

7 

5 

e 

4 

6 

16 

25 

29 

22 

17 

14 

8 

7 

8 

9 

9 

2 

0 

17 

22 

36 

47 

50 

42 

25 

20 

13 

10 

2 

11 

11 

7 

10 

20 

35 

60 

63 

66 

65 

37 

29 

22 

18 

17 

17 

15 

10 

23 

38 

41 

48 

60 

62 

63 

45 

34 

32 

27 

21 

22 

16 

9 

49 

66 

49 

40 

60 

47 

42 

41 

43 

48 

49 

42 

32 

21 

9 

83 

79 

60 

45 

36 

31 

28 

83 

46 

69* 

63 

53 

38 

26 

8 

106 

96 

66 

42 

26 

17 

12 

22 

42 

67 

62 

53 

37 

22 

5 

103 

93 

62 

38 

23 

11 

6 

11 

27 

46 

49 

42 

28 

18 

5 

77 

71 

48 

32 

22 

13 

4 

3 

14 

27 

33 

28 

19 

15 

4 

45 

44 

30 

22 

20 

13 

6 

2 

9 

21 

28 

22 

16 

13 

5 

34 

32 

20 

16 

18 

14 

9 

7 

16 

32 

37 

31 

20 

16 

4 

60 

42 

26 

17 

14 

10 

8 

16 

34 

54 

60 

49 

31 

22 

5 

85 

63 

43 

23 

12 

7 

6 

21 

49 

76 

84 

68 

45 

29 

11 

113 

96 

68 

32 

16 

8 

6 

21 

62 

82 

93 

80 

59 

44 

29 

112 

97 

66 

43 

30 

20 

12 

10 

43 

69 

83 

78 

68 

65 

58 

83 

82 

62 

66 

62 

43 

29 

17 

24 

46 

59 

64 

71 

88 

89 

46 

61 

63 

66 

77 

70 

44 

20 

14 

23 

36 

47 

67 

94 

107 

16 

28 

43 

70 

91 

85 

66 

23 

8 

10 

19 

31 

52 

86 

75 

4 

17 

32 

60 

83 

79 

61 

22 

8 

12 

16 

21 

36 

62 

74 

6 

14 

21 

41 

60 

58 

"^6 

23 

11 

20 

24 

22 

27 

44 

61 

8 

9 

7 

18 

32 

29 

14 

6 

7 

22 

28 

24 

23 

36 

36 

10 

9 

3 

13 

24 

22 

7 

4 

4 

21 

31 

31 

33 

60 

65 

8 

12 

U 

26 

41 

38 

17 

I 

1 

14 

26 

35 

45 

71 

86 

6 

16 

26 

49 

70 

66 

37 

10 

1 

9 

18 

82 

61 

86 

106 

10 

22 

36 

66 

90 

86 

55 

22 

11 

12 

19 

29 

60 

85 

95 

24 

32 

41 

66 

86 

82 

56 

31 

24 

32 

34 

36 

46 

69 

81 

60 

49 

43 

62 

63 

60 

44 

[13 

44 

60 

63 

52 

43 

49 

60 
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It will be seen that there is considerable overlapping of the atoms, the only 
two which come out entirely separated are two at tlie end of the molecule* 
The general appearance indicates the existence of the chrysene molecule as 
four plane hexagon rings. If we take the distance 1 -41 A found in anthracene 
and naphthalene* as the correct distance between atoms in the chrysene 



Fio. 3 — Projootion along the a axis. The dotted line represents the one eleotron line, the 
other lines are drawn at intervals of one eleotron per A‘. (Only one-half the unit 
cell is shown.) 


molecule, then we can calculate the orientation of the molecule from measure- 
ments of the co-ordinates of the atoms in the projection. 

It is clear from the diagram that the long axis of the molecule is very near 
to the {3(z) plane. Measurements of the diagram give 0*5^ as the probable 
inclination* 

* Eobertson, ‘ Free. Roy. 8oo*/ A, vol. 140, p. 79 (1938) ; rol. 142, p* S74 (1933). 
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It is possible to measure the y and 
* co-ordinates of the two atoms E 
and F with fair accuracy as their cen- 
tres can bo easily estimated and the 
scale was 5 cm to one Angstrom unit. 
From these the inclination of the mole- 
cule was calculated. Also, from the 
length of the long axis, the angle that 
it makes with the x axis can be calcu- 
lated. It is more difficult to measure 
the position and lengtli of the sliort 
axis, but by estimating the centres of 
the two middle atoms it can be done 
approximately. Wlien this has been 
done and its true direction in space 
found it is possible by combining its 
direction cosines with those of the 
long axis to find again the orienta- 
tion of the molecule. The angles thus 
dctennined are in good agreement 
with those calculated from the co- 
ordinates of the two end atoms. 

To simplify the calculations rect- 
angular co-ordinate axes were chosen 
as follows : x along the a axis of the 
cell, y along th<^ b axis and z' perpen- 
dicular to the (001) planes. The angles 
that the long axis of the molecule 
made with these axes are referred to 
as X) respectively, and those 

that the short axis made as x', 4'', 
respectively. 

The final values obtained for the 
orientation of the molecule to the 
above rectangular axes are 

X===102‘0° x' = 

xzz 90 * 6 '^ tj;' = 29 * 0 '* 

O) sa: 12*0^ co^ = 96*4'^ 



Scale 


Fia. 4 — Projeotion along the a axis showing 
the arrangement of the molecules in the 
complete unit cell. 
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Tliis showed that the short axis of the molecule was turned through a bigger 
angle from the y direotiou than was indicated by the trial and error method 
((j/' SK 16°). With this new orientation all the structure factors were recalcu- 
lated and it will be seen from Table IV that the agreement between these and 
those observed is quite satisfactory. 


Table IV — Measured and Calculated Values of the Structure Factors 



Sin $ 

F 

F 

hkl 

Cu.Ka 

calculated 

meaaured 

002 

0*068 

+92 

76 

004 

0 139 

~07 

64 

006 

0*206 

+20 

25 

008 

0*274 

--23 

27 

0010 

0*342 

+64 

87 

0012 

0*411 

+67 

66 

0014 

0*479 

-16 

25 

0016 

0*647 

-21 

<16 

0018 

0*616 


<13 

0020 

0*683 

-6 

<13 

0022 

0^762 

-20 

IS 

020 

0*249 

-46 

66 

040 

0*498 

+ 16 

14 

060 

0*747 

-60 

46 

200 

0*206 

+ 106 

104 

400 

0*409 

-n 

9 

600 

0*616 

-34 

27 

on 

0*130 

-30 

20 

013 

0*162 

+ 16 

16 

016 

0*213 

-29 

36 

017 

0*274 

+ 1 

6 

019 

0*334 

+ 13 

12 

0111 

0*399 

+ 13 

16 

0113 

0*468 

+ 10 

<10 

0116 

0*630 

-1 

<11 

0117 

0*697 

+9 

<13 

0119 

0*664 

+6 

13 

0121 

0*731 

-18 

16 

022 

0*260 

-30 

36 

024 

0*286 

+25 

35 

026 

0*825 

+ H 

<8 

028 

0*872 

-10 

5 

0210 

0*426 

+6 

<10 

0212 

0*482 

-23 

17 

0214 

0*542 

+ 10 

12 

0216 

0*604 

+87 

82 

031 

0*876 

+ 16 

12 

033 

0*387 

-6 

<9 

035 

0*412 

-70 

84 

037 

0*444 

-27 

34 

030 

0*486 

+ 8 

8 

03U 

0*533 

-18 

<18 

0813 

0*583 

+ 12 

e 

0316 

0*037 

-84 

48 

0317 

0*695 

-54 

54 

0416 

0*742 

-22 

5 

061 

0*626 

-13 

7 

062 

0*763 

-11 

18 

2012 

0*866 

+67 

68 

20lO 

0*308 

+2 

<12 
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Table IV — (continued) 



iSin & 

F 

F 

hH 

Cu.Ka 

oaloulated 

measured 

208 

0*268 

4-8 

8 

20fl 

0-217 

446 

49 

201 

0-190 

~24 

29 

205 

0-176 

4*159 

160 

202 

0-242 

_57 

62 

204 

0-292 


<n 

200 

0-347 

~10 

28 

208 

0-404 

49 

14 

2010 

0-466 

424 

23 

40i 

0-370 

. 22 

22 

402 

0-384 


13 

402 

0-443 

433 

26 

404 

0*484 

+7 

<16 

406 

0-634 


<17 

408 

0-685 


<19 

4010 

0-640 

^^18 

<20 

4012 

0-695 

426 

26 

0022 

0-736 

-24 

19 

6025 

0-696 

...28 

26 

6015 

0-668 

-60 

38 

602 

0-650 

427 

22 

6012 

0-876 

4-40 

25 

8022 

0-836 

-47 

32 

8012 

0-740 

-17 

20 

110 

0-161 

-~133 

138 

1112 

0-380 

433 

32 

1115 

0-323 

420 

<29 

118 

0-264 

_ 19 

<26 

115 

0-212 

413 

<23 

111 

0-170 

-39 

40 

U2 

0-160 

489 

108 

112 

0-195 

-29 

37 

114 

0-247 

427 

31 

116 

0-303 

47 

<29 

118 

0-366 


<32 

1110 

0-430 

4-38 

42 

228 

0-340 

-30 

48 

225 

0-313 

-40 

42 

22i 

0-301 

-3 

<28 

222 

0-302 

436 

36 

222 

0-351 

416 

<31 

224 

0-393 

463 

60 


In the iione {OJd) the structure factor of the weak plane (040) changes sign 
and there is some uncertainty about the sign of the structure factor of the still 
weaker plane (017). These, however, do not afEect the summation to any 
appreciable extent. 

The co-ordinates of all the atoms in the asymmetrical unit are given in 
Table V. 

JfUermolmilar Distances 

The closest distance between two atoms in difEerent molecules is between 
the end atom, E, fig. 3, in the molecule at the centre of the cell, and the end 
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atom, E', in the identical molecule at the comer of the cell* This distance 
is 3 * 42 A. This is rather sriiallcr than the distance of closest approach found 
hitherto in aromatic compounds, and it is very nearly that found between 
layers of atoms in graphite.*** It was realized that this distance can be increased 
very rapidly by tilting the molecule a few degrees further from the yz' plane, 

Table V — Co-ordinates of Atoms with respoijt to Monoclinic Axes. Centre of 

Symmetry at the Origin 


Atom 

X A 

y A 

» A 

A 

-0‘22 

0-63 

0-32 

B 

016 

0*52 

1-86 

0 

-~^0-30 

1*68 

2-49 

I) 

0 08 

1-67 

4-02 

E 

0-90 

0-49 

4-91 

F 

1-34 

--0-69 

4-27 

G 

0-97 

-•0-65 

2*74 

H 

1-42 

.1-62 

2-10 

1 

1'04 

-1'61 

0*57 


which can be done by increasing the angle 6>. This has a marked effect, 
however, on the calculated stmcture factors of the (hOl) zone. The agreement 
between observed and calculated values b<5Comes worse as this angle is increased. 

The distance between the nearest atoms in the moleijules at the ends of the 
b axis is about 3 • 61 A and between those in the identical and reflected molecules 
about 4*17 A. 

It is not possible to make an electron count owing to the overlapping of the 
molecules. The electron density in the separated atoms rises to a peak value 
of 6 which is similar to that found in other compounds of this type.f 

I desire to express my thanks to the Managers of the Royal Institution and 
Sir William Bragg for the facilities provided in the Davy-Faraday Laboratory, 
I am greatly indebted to Dr. J. M. Robertson for his constant help and encoxirage- 
ment throughout the work and to Mrs. Lonsdale for some valuable discussions. 
I wish also to thank the Council of the University of Wales for a Fellowship 
which made it possible for me to carry out this work. 


Summary 

The crystalline structure of chrysene has been determined by a quantitative 
X-ray analysis. Crystal data : a = 8 • 34 A, 6 = 6 • 18 A, c = 26 • 0 A, 

♦ Bernal, (oc. 
t Robertson, foe, ciL 
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p™ lists'’ ; space group, (I2/o) or (Ic). Crystal density =»= 1 *27. 
Four molecules of Cjg per imit cell. 

The molecule appears to be planar and to consist of regular hexagons, the 
interatomic distance being I* 41 A. The orientation has been found by a 
combination of the “ trial and error ” method and a double Fourier analysis 
about the (OAZ) zone. The co-ordinates of each atom are given on p. 152. 


The Velocity of Corrosion from the Electrochemical Standpoint — 

Part III 

By U. R. Evans and R. B. Mears 

(Communicated by Sir Harold Carpenter, F.R.S.- Received March 16, 1934 — 

Revised May 2, 1934) 

The previous paper* comprised a chemical and electrical survey of corroding 
iron specimens in potassium chloride solution, and indicated that the corrosion 
observed was quantitatively explained on simple electrochemical principles. 
Very similar views have been published by Herzog and Chaudron,t Baisch 
and Werner,! and by Schikorr.§ The papers of Bengough, Lee, and Worm- 
well, 1 1 however, contain criticisms, some depending upon misunderstanding of 
the opinions criticized. The anomalous distributions of attack, held to disprove 
the “ differential aeration view,” have in many cases been described and 
explained by the Cambridge authors. The sinking of heavy coiTosion-products 
from a point attacked usually causes the rising of columns of oxygen-rich 
liquid elsewhere, which wash the metal above and on each side of the sinking 
column, leading to the distributions observed ; this will occur even when the 
source of the oxygen is below the specimen. 

* Evans and Hoar, ‘ Proc. Roy. 8oo.,* A, vol. 137, p. 343 (1032), 

t *C. R, Acad. Soi. Paris.’ vol, 192, p. 837 (1931); vol. 193, p. 687 (1931); ‘Trans. 
Eleotroohem. Soo.,’ vol. 64, p. 87 (1933). 

t ** Erste Korrosionstagung ” (Berlin), p. 83 (1931). 

§ ‘ Z. Phys. Chem..’ A, vol. 160, p. 206 (1932 ) ; ‘JMitt. MaterialprttfungBaint,’ Sonderheft, 
p. 22 (1933). 

II ‘ Proc. Roy. Soc.,’ A, vol. 131. p. 494 (1931) ; vol. 134, p. 308 (1931) ; vol. 140, p. 399 
(1933) ; ‘ Trans. Eleotrochem. Soo./ vol. 61, p. 466 (1932 ) ; ‘ J. Soc. Chem. Ind.,* vol. 62, 
pp. 195, 228 (1933). 
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The water-line corroBion obtained by lengthy immersion of sine in potassium 
chloride* can be explained in many ways, but is probably mainly due to attack 
by cathodically formed alkali. The distribution obtained by Bengough with 
Teddington water is the same as that obtained with Cambridge water and 
many calcium and magnesium salt solutions.*!* 

The anomalous results obtained in Bengough’s differential aeration cellj 
are attributable to the high resistance of the which will cut down differ- 
ential aeration currents in favour of local currents. The argument that the 
early work on differential aeration was similarly vitiated appears invalid ; 
any correction for cell-resistance would here make the results even more 
difficult to explain by all theories other than that of differential aeration. In 
any case, recent stu(iies§ in the absence of a diaphragm confirm the differential 
aeration view ; the velocity obtained electrically agrees well with that measured 
directly. 

The part played by the air-formed film is discussed elsewherejl; some observa- 
tions by Homer^l and Tronstad** agree with the views expressed. The role 
of crevices in metals was probably exaggerated in some early papers from this 
laboratory, but new researchesff indicate that the attack at crevices caused 
where glass or other inert substance rests on the metal is mainly due to 
differential aeration. The partial protection afforded by a corroding point 
to the area around it will be discussed elsewhere. 

The new “ Film Distribution View ’’ of Bengough and Wormwell agrees 
with the view of the present authors in ascribing protection largely to 
eathodically formed alkali ; there are other points of accord concealed by 
the mode of presentation. Differences of opinion exist on two matters, 
namely : 

(A) The effect of sohd corrosion-products on oxygen-transport, and 

(B) The possible inhibition of corrosion by excess of oxygen. 

The research described below was designed to settle these questions. 

* Evans, * J. Ohem, Soo.,* p. 114 (1929) ; Borgmann and Evans/ Trans. Electroohem. 
Soo./ Preprint (1934). 

t Evans, ‘ J. Soc. Chem. Ind./ vol. 47, p. 57 T (1928). 

X Bengough, Lee and Wormwell, ‘ Proc. Roy. Soc./ A, vol. 181, p. 511 (1981). 

§ Evans and Hoar, ‘ Proo. Roy. Soo./ A, vol. 187, p. 353 (1932). 

II Britton and Evans, * Trans. Eleotrochem. Soo.,* vol. 61, p, 446 (1932). 

If * Carnegie Scholarship Memoir/ vol. 21, p. 36 (1932), 

♦♦ ‘ J. Iron Steel Inst.,’ vol, 127, p. 480 (1933), 

ft Hears and Evans, * Trans. Faraday Soo.,* vol. 30, p. 417 (1934). 
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Materials — The electrolytic iron E33, kindly prepared by Dr, W, H. Hatfield, 
contained 0-06% carbon, no manganese, 0*03% silicon, 0'003% sulphur, 
and 0*017% phosphorus, 

(A ) — The Effect of Solid Corrosion Products on Oxygen Transport 

The authors hold the view originally due to Aston* and McKayf that the 
corrosion set up on iron at points covered by rust coming from some other 
portion is due to oxygen-screening. BengoughJ considers that his time- 
corrosion curves (which are linear or actually increase in slope) show that rust 
does not obstruct the passage of oxygen. A constant rate of disappearance 
of oxygen from the gas-space above the liquid can, however, be interpret/cd 
in many ways. It may indicate that the obstru(*.tion imposed by rust is small 
compared with the obstruction imposed by the gas- water interface, which 
obstruction is known to be considerable! and is probably affected by stirring 
in the liquid, Miyamoto and Nakata's discovery, Ij that the rate of oxidation 
of sulphite solution by oxygen is independent of sulphite concentration but 
proportional to the 8urfa{ie area of the liquid, appears to be analogous to 
Bengougb’s observation that corrosion is largely independent of the specimen 
size but is affected by the area of the licjuid surface ; both phenomena may be 
due to the failure of the slower molecules to pass the gas-water interface. 
But even if the total oxygen-entry is fixed by that interface, the distribution of 
oxygen between rusted and unrusted areas may still be affected by screen- 
ing.” Bengough’s view that wherever metal ions can penetrate . . . 

dissolved oxygen can do so ” seems to make no distinction between natural 
diffusion under a concentration gradient and ionic migration under a potential 
gradient. 

It was decided to test directly the obstruction imposed on the passage of 
oxygen by various corrosion-products. The method used to test the passage 
of oxygen through liquid depended on the use of tubes lined internally with a 
roll of “ ferrous hydroxide paper.” Tliis was prepared as follows. A roll of 

• ‘ Trans. Amer. Electrochem. Soc./ vol. 29, p. 458 (1916). 

t ‘ Ind. Eng, Chein,,* vol. 17, p. 23 (1926). 

} ‘ PrcKs, Roy. Soo./ A, vol. 140, p. 411 (1933). 

$ Lewis and Whitman, * Ind. Eng. Chem./ vol. 16, p. 1217 (1924) ; Whitman and 
Davie, ‘ Ind. Eng, Chem.,’ voL 16, p. 1235 (1924) ; rf Brimley, ‘ Chom. Ind.,’ vol. 62, 
p. 472 (1933). 

II ‘Bull. Ohem. Soo., Japan,* vol. 6, p. 9 (1931) [Abstract, ‘Brit, Chem. Abe.,* A, 
p.437 (1931)]. 
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filter paper was placed in a test tube, and the mouth of the tube was closed by 
a rubber bung furnished with two glass tubes. The test-tube was evacuated 
and refilled tliree times with purified nitrogen. About 5 cc of 5% ferrous 
sulphate solution (oxygen-free) was admitted, and any excess blown out with 
purified nitrogen. Next, purified nitrogen saturated with ammonia gas was 
blown in, to precipitate ferrous hydroxide in the filter paper. The tubes were 
then ready for use. The paper w^as white at first, but soon became slightly 
green, possibly because ferrous hydroxide, as shown by Schikorr,’*' liberates 
hydrogen from water, passing to a ferroso-ferric product. The tubes could, 
however, be stored for weeks without any brown appearing. 

If oxygen was admitted into such a tube, the whole paper became brown 
within 15 minutes. If the? tube was first partly filled with liquid, and then the 
space? above the liquid was filled with oxygen, the passage of oxygen down into 
the liquid could be followed by the advance of the brown-green boundary. 
Several series of comparative experiments were thus conducted on the diffusion 
of oxygen through test-tubes containing 0 * 1 N potassium chloride solution, 
with or without corrosion products. The corrosion-products tested were : — 

(а) Zinc “ hydroxide (or basic chloride) obtained by natural corrosion of 
the spectroscopically pure metal in 0 • 1 N potassium chloride solution. 

(б) Zinc ‘‘ hydroxide obtained by precipitation from a mixture of 0*2 N 
zinc chloride and 0 • 2 N potassium hydroxide. 

(c) Magnetic iron oxide obtained by natural corrosion of electrolytic iron 

in 0 • 1 N potassium chloride solution. 

(d) Magnetic iron oxide obtained by mixing ferrous and ferric hydroxides 
suspended in O*! N potassium chloride solution. 

(e) Ferric hydroxide obtained by electrolysing electrolytic iron electrodes 

in 0 • 1 N potassium chloride containing liydrogen peroxide. 

(/) Ferric hydroxide obtained by precipitation from a mixture of 0*2 N 
ferric chloride and 0*2 N potassium hydroxide. 

(g) Ferrous hydroxide obtained by precipitation from an air-free mixture 
of 0*2 N ferrous sulphate solution and 0*2 N potassium hydroxide 
solution. 

(A) Aluminium hydroxide obtained by electrolysing specially pure aluminium 
electrodes in a solution of 0*1 N potassium chloride. 

♦ * Z. aaorg. Chem.,’ vol. 212, p, 34 (1933). In this research, Sohikorr made his ferrous 
hydroxide irom ferrous salts and alkali, thus meeting Bongough^s criticism that the hydrogen 
oame, not from ferrous hydroxide, but from metallio iron. 
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(») Alummium hydroxide obtained by precipitation from a mixture of 
0'2 N aluminium ch]orid(3 and 0*2 N potaBsium hydroxide. 

In every test, comparative experiments were conducted with clear 0*1 N 
potassium chloride without corrosion product. 

To prevent complications due to the settling of the voluminous precipitate 
during the experiment, the product was, in most experiments, freed from the 
entrained liquid by centrifuging until a consistency was reached at which no 
gravity-settling took place ; no attempt was made to express the liquid beyond 
this point. Special series were conducted on precipitates which had not been 
settled or centrifuged, and in such cases settling occurred during the experi- 
ment. 

The conditions of testing were : — 

(1) Liquid stagmnt, the tube being surrounded with a glass water-jacket 
placed in a thermostat at 25^ C. 

(2) Liquid exposed to Admey conveeiion-sireamviig produced by blowing a 
current of unsaturated air, which had previously passed through 3 N sodium 
hydroxide sohition and a saturated solution of sodium fluoride. This Jed to 
much more rapid oxygen-transport than the stagnant conditions. 

Two methods of measuring the advance of oxygen were used. In the first, 
a long roll of ferrous hydroxide paper ran the length of the liquid-filled portion 
of the tube, the advance of the brown colour indic;ating the progress of oxygen. 
This method gives a complete diatamje-time curve ; the absorption of oxygen 
by the ferrous hydroxide paper may perhaps affect the natural velocity, but, 
since the experiments with and without corrosion-product will both be affected, 
the comparison remains valid. In the second method, there was merely one 
small piece of ferrous hydroxide paper at the bottom of the tube, and although 
ho curve was obtained, the time of arrival of the oxygen at the bottom, 
unaffected by any unnatural oxygen-loss on the way, could be compared in 
the various tubes. The times taken wore naturally a little shorter than in the 
first method, but the order of arrival for different products was the same. 

Typical results are shown in figs. 1 and 2 and in Table I ; every point in 
fig. 2 represents the mean of two reasonably concordant experiments. 
Corrosion-products obtained from the metal, fig. 1, produced an effect not 
very different from similar products obtained by precipitation, fig. 2. In 
every experiment in which there was no settling of corrosion-product, the 
presence of the product retarded notably the passage of oxygen downwards, 
as compared with the corresponding experiment using clear liquid. This was 
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equally true for both modes of transport, but in every experiment where there 
was aettUng during the experiment, the corrosion-prodnot actually acodenUed 
the passage of oxygen downwards. 

A specially interesting case was that of magnetite, which oould not be satis- 
factorily compacted by centrifuging. Some settling occurred during the 




first part of the experiment, and, whilst this continued, the passage of oxygen 
downwards was quite rapid. When once the oxygen-firont had passed the 
magnetite-liquid boundary, the passage of oxygen slowed up and became 
almost stationary. In comparing this result with Bengough and Wormwell’s 
statement* that magnetite layers may be fireely pervious to oxygen, it is fair 

* ‘ Proc. Roy. Soe.,’ A, vol. 140, p. 419 (1933). 
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to point out that “ aged magnetite can be very different from the freahly 
produced body. There appears also a prima fade contradiction of the work 
of Roetheli and Brown,* but here the explanation is apparent ; in Roetheli 
and Brown’s experiments, the liquid was in motion, and the granular magnetite 
would be more readily thrown off than the clinging hydrated ferric oxide, 
which is then likely to be the more protective. 

Table I — ^Advance of oxygen downwards through 0*1 N potassium chloride 

containing various solids 

Time in hours needed for brown colour on paper to extend 
2 *0 cm below surface 


Air current Stagnant Stagnant Paper down 

playing on conditions ; conditions ; whole side 

Compound tested surface ; paper at paj)er down fsottling 

paper down bottom whole during 

whole side only side experiment) 

None (clear 0- 1 N KCl) 43 138 150 — 

Hydrated ferric oxide 185 269 326 90 

Aluminium hydroxide 117 353 426 

Zinc hydroxide — 571 700 42 


The passage of oxygen through ferrous hydroxide is extremely slow, un- 
doubtedly because here the precipitate absorbs oxygen ; but the magnetite 
formed occupies a smaller volume than the ferrous hydroxide, so that the 
settling is renewed ; this favours the advance of oxygen, and the resultant rate 
is similar to that through magnetite. Aluminium hydroxide, which offers 
a slightly greater obstruction to oxygen under stagnant conditions than hydrated 
ferric oxide, produces a smaller obstruction under “ Adeney streaming ” 
conditions, probably because much of the hydroxide is in the “ sol ” form and 
thus shares the motion of the liquid. 

In all the experiments in which settling of the product was permitted, the 
transport of oxygen was stimulated. Now in Bengough’s experiments, the 
specimen does not occupy the whole cross-section of the vessel, and a falling 
of the product over the edge must occur. It seemed possible that this might 
be the cause of the maintenance of the rate of oxygen disappearance. To test 
this explanation, experiments were conducted on the corrosion of horizontal 
specimens of iron (1) under conditions permitting the rust to fall over the edge, 
and (2) under conditions not permitting this “ falling over.” The specimens 
were discs 2*4 cm diameter, with the bottom and edges protected by wax, 
set in a vessel of diameter 3*7 cm. Under conditions (1), an annular ditch, 

♦ * Ind. Eng. Chem..’ vol. 23, p. 1010 (1931). 
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of breadth 0*66 cm and depth 1 cm, surrounded the specimen, but under con- 
ditions (2), this was filled with wax up to the level of the surface of the specimen. 
The absorption of oxygen was measured by Boi^mann^s modification of the 
Bengough apparatus* ; the solution was 0*1 N potassium chloride, the depth 
of immersion 1*5 cm, and the temperature controlled at 26*2° C in all experi- 
ments. 

Three experiments were conducted under each of the two conditions. When 
the “ falling over of rust was permitted, the curves were nearly straight, 
curve I, fig. 3, thus confirming Bengough’s results. When it was not permitted, 
the curves soon showed a falling off of oxygen absorption with the time, curve 
Ila, fig. 3, suggesting that the corrosion-product does obstruct the passage 



of oxygen. If the accumulating rust (y) adds to the combined resistances (A) 
of the liquid-surface and liquid column, an extra resistance, by, proportional 
to the thickness of the rust-layer, we should expect, under conditions of 
“ oxygen-starvation ” where the oxygen-concentration next the metal is 
snaall compared to the saturation-value C„ an equation for the velocity 


which is of the form 


dyjdt = 


A + 6y’ 




At small values of i, the term will predominate over and the curve 
connecting y and t will be linear, whilst, at large values, x^y* will predominate, 

♦ ‘ Trans. Eloctroohena. Soc.* (preprint) (1934). 




The Velocity of Conoaion 161 

and the curve connecting and t will be linear. Curves Ila and II6 show that 
both these expectations are realized under the conditions studied. Doubtless 
they might not always hold good, since the rust-layer is not homogeneous, and 
several complicating factors have been neglected. 

However this may be, the straight and rising curves which form the basis 
W recent criticisms of the diflEerential aeration view are due to the falling of 
m corrosion-products over the edges of the specimens. When this is avoided, 
the gradient diminishes with the time. So far as time-corrosion atrves can 
give any information at aU, they support the view that corrosion- 
products settled on the surface screen it from oxygen. 

It may be added that weight-loss experiments also showed 
that the corrosion-rate was depressed when the “ falling-over 
of rust was avoided. Hydrogen-evolution (measured by Ben- 
gough’s combustion method) was negligible in the early stages, 
but always became appreciable later. On this point, Bengough, 

Lee, and WormwelFs results* were confirmed. 

In explaining the delivery of oxygen to corroding metal, 
some investigators postulate a circulation due to differences in 
density between oxygen-free and oxygen-saturated water. It 
was decided to compare these densities. The apparatus used 
is shown in fig. 4. Both tubes were filled with water previously 
freed from dissolved gases by boiling under reduced pressure. 

The water in tube A only was then satmated with purified 
oxygen, and the whole was allowed to stand for an hour in 
a thermostat at 25^^ C. The taps T^ and Tg were opened and, 
after establishment of equilibrium, the difference of levels was recorded 
photographically. 

Experiments were conducted : 

(1) With the level in A higher than in B, before opening the taps, 

(2) With the level in B higher than in A, before opening the taps, 

(3) and (4) As (1) and (2), but using A to hold the gas-free water and B the 

water containing oxygen. 

<6), (6), (7), and (8) Ah (1), (2), (3), and (4), but using purified air instead of 
oxygen. 

• * Proo. Boy. Soo./ A, vol 184, p. 828 (1081). 
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In no case was a difference in height exceeding 0* * * § 25 mm observed, and it is 
concluded that, taking the density of oxygen-free water as 1*0000, that of 
oxygen-saturated water lies between 0*9995 and 1*0006. 

Such a small difference could hardly provide the head demanded for the 
circulation ; in any case the effect must be slight compared with that caused 
by metallic salts, potassium or sodium hydroxide, and (particularly) solid 
corrosion-products, descending over the edges of the specimens. The falling 
of these bodies is undoubtedly responsible for the circulation both with vertical 
and horizontal specimens. 

(B ) — Can Orygen aet an Inhibitor ? 

jSchikorr* has expressed the view that oxygen can act, not only as a stimu- 
lator of corrosion, but also, under other conditions, as an inhibitor. These 
views have been contested by Lee.f The word “ inhibitor may be used in 
three senses, as meaning a body which decreases, either (1) the velocity of 
attack, (2) the area of attack, or (3) the probability of attack. Experiments 
by Borgmann and one of the authors^ appears to show that, below oxygen- 
nitrogen iiiixtures, the corroded area of iron immersed vertically in potassium 
chloride solution increases steadily as the proportion of oxygen is decreased, 
although the velocity of attack diminishes. Lee considers the evidence 
insufficient and a fuller series of experiments on electrolytic iron E33 with 
various mixtures of oxygen and nitrogen have now been carried out in 
triplicate. 

The results are shown in fig. 6, each point showing the mean of three experi- 
ments. Curve ] indicates the total corrosion, which falls steadily as the oxygen- 
concentration is dimmished,§ The attack occurs along the edges and bottom 
portions ; at high oxygen-concentrations the line separating the etched area 
at the bottom is generally horizontal, as in the “ ideal distribution ” described 
in an earlier paper,]] The level of this horizontal rises steadily as the oxygen- 
concentration falls (see Curve 2) reaching the water-level when the oxygen- 
concentration is about 3^,. On certain specimens, attack from central points 
prevented the level of this horizontal from being ascertained ; such experiments 

* * Korr. Mot,,’ vol. 4, p. 244 (1928) ; * Z. Elektrochom.,’ voJ. 39, p. 409 (1933). 

t ‘ Trans. Faraday 8oc,,’ vol. 28, p. 707 (1932). 

% * Z. Phya. Chem,,’ vol. ISO, p. 194 (1032) ; * Trans. Faraday Soc,,’ vol. 28, p. 813 (1932). 

§ C/. Similar results on lead in oxygen-nitrogen mixtures, described by Burns and 
Salley, ‘ Ind, Eng. Chem.’ vol. 22, p, 293 (1030). 

(I Evans and Hoar, * Proc. Koy. Soo.,’ .A, vol. 137, p. 346 (1932). 
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are necessarily omitted from Curve 2, but Curve 3 comprises all the specimens, 
tte level on the “ abnormal sjwimens being taken as the lowest point 
reached by the unetched area ; the mean level thus obtained also rises as the 
oxygen-concentration falls. (]urve 4 shows the full area affected, including 
the corraied “ wings ’’ extending up the cut edges (these wings actually 
decrease with diminishing oxygen). The total area increases as the oxygen- 
concentration decreases, and at 3% oxygen represents the whole immersed 
area of the specimen (at 0% oxygen it is more than 100% of the immersed 
area, owing to creep). However, in the low-oxygen mixtures, owing to the small 
total corrosion and the large area affected, the intensity of the attack is very 



small, especially at points in the lower parts of the specimen. In the experi- 
ments conducted below pure nitrogen, there is no true rust, but only a little 
dark green matter adhering, especially near to the water-line ; the alteration 
definitely extends over the whole immersed area. The feebleness of the attack 
below nitrogen explains the apparent contradiction between the two passages 
quoted by Lee* from two papers by Borgmann and one of the authors.f On 
all essential points, Borgmann's experimental results are confirmed. The 

♦ * Trana. Faraday Soc.,’ vol. 28, p. 826 (1932). 

t * Z. Phy«, Chem.,» A, vol, 160, p. 194 (1932) ; ‘ Tram. Faraday Soo,,’ vol. 28. p, 813 
(1932). . . 
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statement of Liebreioh,^ who claims to have produced the same distribution of 
attack in absence as in presence of oxygen, and for this reason rejects the 
differential aeration view, cannot be upheld. 

These experiments suggested that if the experimental area were small 
enough, high oxygen-concentration might sometimes prevent corrosion alto- 
gether, at least in dilute solutions. This possibility was tested statistically, 
using a new method of obtaining large numbers of “ square drops almost 
simultaneously. A large quantity of electrolji^ic iron was abraded with No. 3 
Hubert emery paper, cut into specimens 2 *6 cm by 5 cm, which were ‘‘ shuflBed,” 
degreased twice with carbon tetrachloride, and stored in a desiccator until 
required. In preparing for a run four specimens were removed, each was 
abraded with fresh emery paper, wiped with clear cotton wool and weighed. 


•4 



Then, by means of a closely cropped paint brush, two sets of parallel lines were 
traced with a solution of paraffin wax in carbon tetrachloride (100 gm per 
litre), so as to leave 24 unwaxed 3 mm squares on each specimen. After an 
hour in a desiccator at 26° C, the specimens were attached to a glass plate and 
introduced into a glass vessel, which was then filled with the mixture of oxygen 
and nitrogen to be investigated. 0 • 001 N potassium chloride solution, saturated 
witli the gas mixture imder consideration, was introduced into the vessel, 
allowed to run over the surface of the specimens, and was then sucked out 
again, leaving 24 independent square drops, separated by the waxed lines, on 
each specimen. After 22 hours the number which had developed corrosion 
was counted ; in nearly all cases, either a drop developed distinct attack or 
remained absolutely unchanged. The results, shown in fig. 6, Curve 1, 


♦ ‘ Z, Phy». Chem.,’ A, vol* 1S6, p. 123 (1931). 
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indicate that the frequency of attack definitely decreases as the oxygen-con- 
centration is increased. On the other hand, it was obvious to the eye, and 
verified by loss of weight (fig. 6, Curve 2) that, where corrosion had actually 
started in a drop, the attack was very much greater in the oxygen-rich mixtures 
than in the oxygen-poor mixtures. Thus oxygen decreases the probability 
of corrosion, but increases the “ conditional velocity.” 

Evidently, therefore, oxygen is a stimulator of corrosion in some senses of 
the word and an inhibitor in others. There may be cases where the inhibitor 
action is unimportant compared to the stimulator action ; but the converse 
is also true. Bryan and Morris,* for instance, have shown that the corrosion 
of a chromium-nickel alloy and a chromium-nickel steel in dilute citric acid 
may be greatly mhiced by the presence of oxygen. 

In publishing this work, one of us (U. R. E.) wishes to express sincere thanks 
for the aid given by the Armourers’ and Brasiers’ Company. 

Summary 

1 — Bengough’s Film Distribution View of Corrosion has much in common 
with views published by the present authors, and can in part be accepted. 

2— — Criticisms of the Differential Aeration View based on Bengough’s linear 
corrosion-time curves are invalid ; with precautions to prevent rust from falling 
over the edges of the specimens, the curves soon cease to be straight, and 
indicate that rust obstructs the passage of oxygen. Direct measurement of 
oxygen advance through columns of potassium chloride shows that all the 
corrosion-products te.sted can cause obstruction to oxygen-transport. The 
difference in the density of water produced by oxygen is too small to play a 
serious part in the transport of oxygen to the metal 

3 — In the corrosion of iron vertically immersed in potassium chloride below 
oxygen-nitrogen mixtures, the velocity increases^ and the area affected 
dimininhes with the oxygen-concentration, thus confirming Borgmann. 

4 — A statistical study of drops of potassium chloride on iron below oxygen- 
nitrogen mixtures shows that the probability of attack diminisfms and the 
conditional velocity irvoreaHes with oxygen-concentration. This confirms the 
belief of Schikorr that oxygen can be regarded either as a stimulator or inhibitor 
of corrosion. 

* Report of the Food Investigation Board,*’ pp. 174, 177 (1932). 
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The Excitation of Band Systems by Electron Impact 

By G. 0. Langstroth,* Ph.D., 1851 Exhibition Scholar, Rijks Universiteit, 

Utrecht, Holland 

(Communicated by 0. W. Richardson, P.R.S. — Received March 16, 1934) 

§1 Introduction 

The relative positions of the more intense bands of a systemf in the usual 
square array can be predicted by classical inethodsj (the Frank-Condon prin- 
ciple) from the potential curves for the initial and final states. This procedure 
is upheld in its essentials by wave mechanics, § and a further wave mechanics 
development!! permits the calculation of transition probabilities in emission 
in band systems of symmetric diatomic molecules. The essential features of 
the theory are that the relatively massive nuclei may be assumed not to respond 
immediately to changes in the electronic arrangement of the molecule, and 
that one need not evaluate that part of the electric moment directly concerned 
with such electronic rearrangements. These circumstances reduce the problem 
to one for simple oscillators with known potential functions. 

For a complete theory of the relative intensities, however, the details of the 
accompanying phenomenon of excitation must be known. While these are 
necessarily extremely complicated for bands emitted from difierent initial 
electronic states, a considerable simplification may be expected for bands 
emitted from the same electronic state. The problem of the relative excitation 
probabilities then forms the excitation analogue of the Frank-Condon principle. 

This paper presents a study of excitation of band systems in nitrogen by 
impact of electrons of known energy, and also of the complete intensity prob- 
lem. A simple excitation theory is developed by introducing assumptions 
(see § 2) analogous to those of the emission treatment. It is possible to show 
that if these assumptions are valid the intensity ratios of bands having the 
same electronic transition but different initial vibrational quantum numbers in 
emission should be independent of the velocity of the exciting electrons. 
Furthermore, under these conditions the relative excitation probabilities can 

Research Associate, McGill University, Montreal, Canada. 

t This term, by definition, includes all bands with the same electronic transition in 
emission. 

X Condon, ‘ Phys. Rev.,’ vol. 28, p. 1182 (1926). 

S Condon, ' Phys, Rev,,’ vol. 32, p. 868 (1028). 

II Hntchisson, * Phys. Rev.,’ vol. 86, p. ilO (1930). 
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be calculated, and used with the emission probabilities to furnish predicted 
complete intensities for comparison with experiment. The assumptions 
introduced are not limited to the nitrogen molecule, but apply quite generally 
to symmetric diatomic molecules. 

In order to test the validity of the basic assumptions the relative intensities 
of the second positive bands 0-^ 2 (X3805), 1 3 (X3755), and 2 -*► 4 

(X3710) with various exciting electron voltages between 14 and 160 volts, 
and of the negative bands 0 1 (X4278) and 1 2 (X4237) with voltages 

between 21 and 50 volts, were determined.* The optical excitation curves 
for these bands were abo obtained, but the main interest lies in the intensity 
ratios of the bands at each voltage. It is believed that under the conditions 
of the experiment practically the entire initial level populations of these 
bands were due to excitation by electron irnpaci: directly from the ground 
state of the neutral molecule. 

The intensity ratio of the negative bands, and the ratios of the positive 
bands with exciting voltages greater than 36 volts, were found to be indeptmdont 
of the voltage within the experimental error. Below 20 volte, however, the 
ratios of the positive bands depend strongly on the oxciting voltage. There b 
no corresponding change in the relative development of the rotational structure 
of the different bands. The voltages at which the bands first appear agree 
well with those values foxmd by Sponor.f 

Those results indicate that the assumptions introduced in the excitation 
treatment are valid (for N 2 ) with exciting voltages greater than 30 volts. 
Under these conditions the relative intensities can be calculated by the methods 
of § 2. It is found that, while the relative emission probabilities calculated 
from Hutchissonb work are quite opposite in sense to the observed intensities, 
the calculated complete intensities agree surprisingly well with experiment. 
Values for the complete intensities were abo estimated by the simple graphical 
method^ in order to see how well it represents the facts. The values so found 
are in the right intensity order, but the excitation and emission probabilities 
taken singly are quite different from those predicted by wave mechanics. 

The dependence of the intensity ratios of the second positive bands on the 
exciting voltage for a range of about 7 volts above the excitation potential 

* Some early experimental facts have already been published. Omstein and Langs troth. 
• Proo. Aoad. Soi. Amst.,* vol 36, p. 384 (1933). 

t ‘ 2. Physik.,’ vol. 34, p. 622 (1926), 

t With the assumption that in the classically predicted continuum the emitting or 
excited molecules go to the nearest quantum state. 
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i6 probably due entirely to the difference in excitation potential of the initial 
emission vibrational levels. On the other hand, one should expect a similar 
dependenf^e in the intensity ratios of the negative bands and this is not found. 
O^dng to the conditions under which the experiments were carried out {e.g,, 
undetermined velocity distribution of the exciting electrons), the present 
data are not sufficient for a critical discussion of this part of the curves, but 
they give some ground for 8U8j)ecting that the “ picture ” of an excitation 
transition in this region may differ from that for higher voltages. 


§ 2 Formulation of the Problem 

Hutchisson (loc. dt.) has published formute for the electric moment matrix 
elements for bands of symmetric diatomic molecules. As a result of simplify- 
ing assumptions, these were calculable from the wave functions for harmonic 
oscillators with appropriate potential functions. It was assumed that (1) 
the complete wave function can be approximately expressed as a product of 
a function of the electronic co-ordinates only, and one of the nuclear co- 
ordinates only,* and (2) that the instantaneous electric moment can be approxi- 
mately written as the sum of two functions dependent on the electronic and 
nuclear co-ordinates respectively ; (2) takes into account the relatively large 
inertia of the nuclei. As a consequence of (1) and (2), that part of the electric 
moment directly concerned with the electronic rearrangement of the molecule 
enters, for bands of a system, only as a constant which need not be evaluated. 
The expression for the electric moment associated with the transition n' 
is, 
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n 18 the vibrational quantum number, aig the “ frequency ” of vibration for 
very small amplitudes (in cm“^), M the atomic weight of the nucleus (0 == 16), 

* Bom and Oppenheimer, ‘ Ann. Physik,’ vol. 84. p. 467 (1927). 
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and Tq the separation (in Angstrom units) of the nuclei in static equilibrium. 
The primed and doubly primed terms refer respectively to the initial and final 
emission states. The upper limit of the first sum is the smaller of n* or 
and the upper limits of the second and third sums are the upper or lower 
figures depending on whether n — k i& even or odd. 

We now attempt to treat the excitation process in a similar way. We assume 
(a) that the complete excitation function, like the wave function for the 
molecule, may be written as the product of two functions which depend 
respectively on the electronic and nuclear co-ordinates, i.e., 

0 (x, r, v) G (x, v) . F (r, v), (2) 

where x and r denote respectively the electronic and nuclear co-ordinates, 
and V represents the velocity of the exciting electrons. 

Neglecting the contribution of recombination and cascade effects to the 
populations of the initial levels, and omitting for the time a correction, the 
relative intensity of any particular band is given by, 

- Kn- ^ N, (X, V) . (r, v) J {v) dv, (3) 

* Jo 

where denotes the number of molecules in some initial excitation state 
kff(v) represents the velocity distribution of the exciting electrons, and 
the probability of transition in emission. 

Two further assumptions arc) necessary to simplify the problem ; (6) the 
exciting electrons have no direct effect on the nuclei which are about 26,000 
times as massive, and (c) the electronic rearrangement of the molecule takes 
place so rapidly in excitation that the nuclear co-ordinates may be considered 
as unchanged during it. With suitably chosen experimental conditions the 
great majority of the molecules are in the ground state (n), so that equation 
(8) becomes, 

== NoPVn^- . F„n' (r) 1 ^ Gnn (x, v) J (v) dv, (4) 

Jo 

For all bands of a system the expression under the integral sign is the same, 
and under these conditions P„ „- is given by equation (1). Furthermore, a 
alight consideration shows that F (r) = P (f). We then have 

W^CiPlv'(^)*PL'W. (5) 

which gives the complete intensities in terms of the results of equation (1). 
It should give correct results if equation (4) holds. The latter, based on 
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assumptions (a), (6), and (c), predicts the constancy of the band intensity ratios 
within a system with change in exciting voltage. It should be stressed that 
the validity of (a), (b), and (e) is essential for this prediction, for if they are not 
correct constancy cannot occur. An experimental test of this point then 
provides an excellent means of ascertaining whether or not equation (5) may 
be expected to give correct results. If it is, a comparison with experiment 
of the intensities calculated from (5) furnishes a complete test of the entire 
theory. 

The values of the molecular constants necessary for the calculations are 
included in Birgers tables,* with the exception of a value for Tq of the ground 
state of the neutral molecule. There mem» to be no “ observed '' value for 
this in the literature. Morse, f however, has calculated that it should be 
about 1-09 A. For reasons to be discussed later the value 1*096 has been 
used in this paper. The calculated values of a and S for use in equation (1) 
are given in Table I. 


Table 1 — Molecular Constants for Intensity Calculations 
ProoeM. 


Eitus«ion (from) 

Excitation {from molecule ground state to) 

Recombination (from ion-molocule ground state fa 
to) \8 


Excitation (from ion-molecule ground state to)...,^ 


Negative 

Second positive 

initial state. 

initial state. 

0-957 

0-923 

--0-899 

-1-19 

l-Ol 

0-928 

0-470 

--109 


0-960 

— 

-0-651 

1-04 


0-930 

— 


The potential curves which were used in this paper were calculated from 

Morse's formula! .... 

E = A + D (6) 


E represents the energy (cm" r the distance apart of the nuclei (in Angstrom 
units), and A, D, and p are characteristic constants whose values are tabulated 
in Morse's paper. 

§ 3 Experimental § 


The results of these experiments were obtained with two different excitation 
tubes. The first consisted of a hot filament from which electrons fell through 


* * lut. Grit. Tables,’ vol. 5, p. 411 (1929). 
t * Phys. Rev.,’ vol. 34, p. 57 (1929). 

X Cf Rydberg, * 2. Physik,’ vol. 73, p. 876 (1931). 

§ For the details of the expenznental technique see Omstein and Longstroth, ‘ Proo. 
Acad. Soi Amst.,’ vol. 36, p. 384 (1933). 
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a known accelerating field, and passed through a grid into a field-free observa- 
tion space. In the second a system of rather wide slits was incorporated to 
define the electron beam. The tubes were filled to 0 * 1 mm of mercury pressure 
with purified nitrogen, and were generally operated with tube currents of 
0*30 milUamperes, 

A Standard Hilger El quartz spectrograph, and quartz optics were used. 
The exposure time was 30 minutes. Intensity marks were put on each plate 
with a step-slit and quartz band lamp. Exposure times for the intensity 
marks and for the nitrogen bands were made equal in the way described in a 
former paper. A wide slit (about 0*5 mm) was used in order to blend the 
rotational structure. Since maximum blackening measurements may not 
yield objection free results for bands, integration measurements were also carried 
out with the aid of an analysing apparatus designed by Wouda.* 

No corrections for background or interfering bands or lines were necjessary, 
except for the negative band X 4237, where a slight correction for the tail of 
the positive band X 4269 had to be made. 

§ 4 Results 

The following tables include determinations made with both experimental 
tubes. No V* corrections have been made. The intensities are given to the 
nearest two figure value, but the intensity ratios have been calculated from 
the original three figure values. Owing to slight variations in the tube current 
during an exposure, certain plates are not suitable for the determination of the 
optical excitation functions. They can be u8(id to determine intensity ratios, 
however, since at a given voltage the ratios are practically independent of 
slight variations in the current when it is small, as it is in these experi- 
ments. 

The results of Tables II and III are shown graphically in figs. 1 and 2. All 
values with accelerating potentials differing by 0*1 volts or less have been 
averaged for purposes of plotting. 


§6 Discussion 

The optical excitation curves for the second positive bands {ht *7r) have 
the usual form for triplet states, fig. 1. The intensity increase for the negative 
bands (*£ *S) is not far from linear up to the highest accelerating potential 

used (60 volts). 

♦ * Z. Phyaik,’ vol. 79, p. 5H (1932). 
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Table II — Variation of Intensity with Voltage, and Inteoaity Ratios 
at Various Voltages, of the Second Positive Bands 


Accelerating 

potential 

(volte). 

0-> 2, 

Intensities 

1 3. 

2->4. 

Intensity ratioB 

l-^3/0-.^2. 2^4/0~>2. 

t 

t 

12*0 

0 

0 

0 

— 



14 0* 

25(25) 

14(15) 

3*4 (3*6) 

0-66 (0*60) 

013(0 14) 

0-24 (0-26) 

16-0* 

64 (64) 

38 (40) 

9'2 (9-7) 

0-68 (0-63) 

0- 15(0-16) 

0-25 (0-25) 

160* 

95 (95) 

69 (70) 

19 (19) 

0*73 (0*74) 

0-21(0-20) 

0-28 (0*28) 

18‘0* 

100 (95) 

79 (83) 

26 (25) 

0-79 (0-88) 

0-26 (0-27) 

0-33 (0*30) 

20-0* 

83 (84) 

74 (73) 

23 (24) 

0*90 (0-88) 

0-27 (0*29) 

0*31 (0-33) 

20 0 

85 

78 

25 

0-91 

0-29 

0-32 

21 0 

— 

— 

— 

0*88 

0-28 

0-32 

220 

— 

— 

— 

0-89 

0-27 

0*30 

22-2* 

79 

69 

19 

0-87 

0-24 

0-28 

26*1* 

— 

— 

— 

0*88 

0-27 

0-30 

25-3* 

70 

65 

20 

0-90 

0-27 

0*31 

25-3 

70 

65 

20 

0*93 

0-28 

0-30 

25*4 

67 

54 

18 

0-81 

0-27 

0-33 

30*0 

63 

56 

17 

0-90 

0-27 

0-30 

30 0 

71 

56 

18 

0*79 

0*25 

0-32 

35 0 

63 

53 

16 

0*85 

0*26 

0-31 

35-2 

58 

47 

15 

0-82 

0-25 

0-31 

40 0 



— 

0-82 

— 

— 

40-2 

57 

46 

13 

0-81 

0-23 

0-28 

500 

48 

40 

IS 

0-88 

0-25 

0-29 

50 0 

— 

— 

— 

0-84 

0*27 

0-32 

600 

45 

38 

12 

0-84 

0-27 

0-32 

80-0 

— 

— 

— 

0-82 

— 

— 

120 0 

— 

— 

— 

0-83 

— 

— 

160 0 

— 

— 

— 

0-82 

— 

— 


* The figures in this line are averages of the values given in a previous publication of early 
experimental results (loc, cit). The values found by integration measurements are given in 
round brackets. 


Table III— Variation of Intensity with Voltage, and Intensity Ratios 
at Various Voltages, of the Negative Bands 


Accelerating 

potential 

Intensitiesf 


Intensity ra 

(volts) 

0-> 1. 

l-^2. 

1^210^ 

21-0 




OU 

22-0 

— 

— 

0-13 

26-4 

45 

5-7 

0-13 

30-0 

75 

9-9 

0-13 

35 -0 

106 

15 

0*14 

40-2 

130 

17 

0*13 

50-0 

162 

23 

0-14 


t These intensities are expressed in approximately the units of those of Table II. The 
oomparison was made from a measurement of the relative intensities of A 3805 and A 4278 at 
50 volts accelerating potential. 


lu order that the experimental results may be of use in testing the predictions 
of Section 2, it is necessary that direct excitation by electron impact from the 
ground state of the neutral molecule should predominate. This should be so 
in the present experiments because of the low tube current and pressure. 
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Supporting evidence is furnished by the fact that extrapolation of the excita- 
tion function curves to zero intensity gives values for the excitation potentials 



Fro. 1.-— Optical excitation functions for the second positive bands 0 2, 1-^3, aad 

2 “> 4, and the negative bands 0 1 and 1 2. 



AcceUntini potenUat (vAtts) 

Pio. 2. — ^Variation of the intensity ratios with voltage for the investigated bonds. 

in good agreement with those found by Sponer (loc, ait.). Furthermore, the 
&>llowing oonsideration shows that population of the initial levels of the 
investigated bands by the recombination of an ion molecule with an electron, 
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or of ioxus, must play a negligibly small part. At first sight it might be thought 
that the constancy of the intensity ratios, which sots in shortly after the 
ionization potential (16*5 volts) is reached, is due to a recombination eSeot, 
since the relcUive populations acquired in this way would be independent of 
the velocity of the exciting electrons. If this were so, recombination would 
have to predominate in filling the levels, and since the number of molecular 
ions, and also of ions, increases strongly with the exciting voltage up to at 
least 100 volts,* the intensities of positive bands should increase proportionally. 
This is not so, as examination of fig. 1 shows. As pointed out in an earlier 
paper, the agreement of the relative intensities calculated from maximum 
blackening and from integration measurements (see Table II) sliows that 
there is no variation with voltage in the relative rotational development of the 
different bands. The experimental results are therefore believed to represent 
the facts for a symmetric diatomic molecule (for which the rotational character- 
istics need not be considered) excited by electron impact directly from the 
ground state. The analysis outlined in Section 2 can therefore be applied 
as follows. 

Inspection of fig. 2 shows that the band intensity ratios are independent of 
the exciting voltage above 30 volts. This condition was necessary for the 
validity of equation (4), Section 2, and its underlying assumptions. It is to 

Table IV-^rComparison of Predicted and Observed Complete Intensities 
for Accelerating Potentials greater than 30 volts 

Second positive l>ands Negative bands 
0-^2, l ->3. 2 -*►4. 0-^1. 

fiscoitatioa probability, PVn' ^3 -4 16*1 100 10*7 

Emission probabiUty, PV» ' 43 0 82 -2 100 76 1 100 

Caloulated intensity ratio, kPVrt'PVn " 79 23 100 14 

Observed intensity ratio, i/v* 100 80 23 100 14 

be expected therefore that eqiiation (6) should give correct results for the 
relative intensities of the bands in this region. The otdculated excitation and 
emission probabilities, and the calculated and observed intensities are given 
in Table IV. 

The agreement is surprisingly good oonsideting the number of assumptions 
and approximations of the theory, and the error involved in es^eriment (8% 
for a single determination). The manner in whioh strong excitation corn- 

* The strong inorssse of the negative bands (ion-moleonle) with voltage is seen from 
fig. 1, and more completely from lindh’s work (' Z. PbysUt,* vol. 67, p. 67 (1930) ) on the 
excitation fvinotion of the negative bond X 3914. 
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pensates for weak emission to give approximately the observed value is especially 
interesting. The only discrepancy appears in the value for the 0 2 band, 

which is too low. It may be that the expression used for the potential function 
does not accurately df^scribe the conditions very near the point of static 
equilibrium for the second positive initial state. It seems, however, that it is 
quite adequate for the ground state and initial negative state, for which 
vibrational levels equally near to the potential curve minimum are considered. 

The principal source of error in the numerical calculations lies in evaluating 
{t\ — r*\) (see equation (I) ). While the values have been given to four 
figures by Birge (Zoc. cit.), the difference contains only two significant figures. 
In addition I have been able to find no experimentally dett^rmined value for 
fj, of the ground state of the neutral molecule. Morse [loc, cAt.) has calculated 

o 

a value 1*09 Angstrom units from an empirical relation which is expected to 
hold rather well for nitrogen. The value l-09fi has been used in the calcula- 
tions of this paper since it gives the best agreement with experiment. This 
variation is within the limits to which the “ observed ’’ and calculated fj, values 
for nitrogen usually agree. 

Consideration of the effects of other types of excitation on the intensities 
show that if these are present to a small but appreciable degree, the agreement 
with theory is not improved, but impaired. For example, the relative tran- 
sition probabilities from the ground state of the ion-molecule to the initial 
levels 0, 1, 2 of the second positive bands arc 100, 22*9, and 1*8, as calculated 
from equation (1). The relative amount of recombination (with these prob- 
abilities) necessary to improve the agreement in Table IV was calculated. 
The improvement obtained was very slight. Moreover, a further calculation 
showed that if this amount of recombination was present at 30 volts, where 
the constancy of the intensity ratios begins, the intensity of the band 0-^2 
would be stronger by a factor of more than 8 at 160 volts than it was at 30 
volts. This follows from the sharp increase of the number of ion-molecules 
with increase in exciting voltage. It is, of course, not true, for the intensity 
of the band continues to decrease with increasing voltage in the manner shown 
in fig- 1 to at least 160 volts. 

The relative excitation probabilities of the initial negative states 0 and 1, 
ftoxm the ground state of the ion-molecule are 100 and 40, as calculated using 
equation (1). Corrections for a partial excitation of this type, therefore, give 
much poorer agreement in Table IV. One would hardly expect this effect 
to be appreciable, for the number of neutral molecules in the ground state 
must be considerably larger than the number of ion-molecules. 
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In order to ascertain liow well the facts were represented by the sim^e 
classical picture, estimates were made from the potential curves given by 
equation (6) by a graphical method. It was assumed that in the predicted 
continuum excited and emitting molecules go to the nearest quantum state, 
and that the relative number of transitions taking place when the nucleus is 
in any small portion of the oscillatory orbit is proportional to the time of stay 
of an harmonic oscillator in that portion. The values obtained for the com- 
plete intensities of the second positive bands 0 2, 1 3, and 2 4 were 

100, 48, and 19. The agreement with experiment is quite good (cf. Table IV) 
considering the roughness of the method. On the other hand, while the 
classical method and wave mechanics predict complete intensities, wliich are 
in rough agreement, they difier in the predicted excitation and emission prob- 
abilities. The classical probabilities are 100, 51, and 38 in excitation, and 
100, 94, and 50 in emission. 

An interesting part of the curves of fig, 2 lies below an accelerating potential 
of 30 volts. The intensity ratios of the second positive bands exhibit a marked 
dependence on the exciting voltage for values from about 20 volts down to the 
excitation potential (13*0 volts*). The energy separation of the 0, 1 and 1, 2 
initial emission levels is 0 • 25 volts. If one corrects for this energy difference by 
plotting the intensities for the 1 3 and 2 4 bands with abscissas respec- 

tively 0*26 and 0*50 volts less than the measured accelerating potential, the 
intensity ratios 1 -► 3/0 2, 2 4/0 2, and 2 4/1 3 become 0*75, 

0-23, 0*32 at 14 volts, and 0-78, 0*23, 0*30 at 16 volts. This correction is 
sufficient to make the band intensity ratios approximately independent of the 
exciting voltage in this region. 

On the other hand, the intensity ratio of the 0-^1 and 1 2 negative bands, 

whose initial levels have an energy separation of 0*29 volts, is found (without 
correction) to be constant with exciting voltages down to within 1*4 volts of 
the excitation potential (19*6 volts*). If the explanation of the curves near 
the excitation potential were simple, we should expect here a dependence of the 
intensity ratio on accelerating potential up to 25 or 26 volts, analogous to 
that of the second positive bands. When the correction for the energy separa- 
tion of the initial levels 0, 1, is made, the intensity ratio 0 1/1 -> 2 becomes 

0 * 19, 0 * 15, and 0 * 13 at 21, 23, and 30 volts, ue,, it into>duoes a dependence on 
voltage near the excitation potential in the corrected curve. 

The present data are not suitable for further discussion of this point, winch 
requires the results of rather fine measurements witb exciting electroxu of 

* Spozier, Uk* oU^ 
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narrow velocity distribution. Moreover, the theoretical model used in this 
work is probably inadequate in this region since according to it an electron 
capable of exciting the lowest vibrational level of a system is capable of exciting 
all levels of that system. 

In conclusion, I wish to express my thanks to Professor L. 8, Ornstein for 
many discussions, and for extending to me the opportunity of working at his 
institute. I am also indebted to Mr. H. Brinkman for discussion, to Mr. 
G. G. Zaalberg for aid in some of the exj)eri mental work, and to^the Royal 
Commission for the Exhibition of 1851 for the award of a scholarship. 

Smmmry, 

(1) A theory of direct excitation by electron impact for band sy steams of 
symmetric diatomic molecules is given. It permits the calculation of the 
complete relative intensities of bands of a system, 

(2) The constancy of the band intensity ratios with change in the energy of 
the exciting electrons is shown to be a criterion for the validity of the assump- 
tions on which the excitation treatment is based. 

(3) Measurements were made of the relative intensities of the 0 2, 1 -*"3, 

and 2 4 bands of the second positive nitrogen system excited by electrons, 

with accelerating potentials between 14 and 160 volts, and of the 0 -► 1 and 
1 “► 2 bands of the negative nitrogen system with accelerating potentials 
between 21 and 50 volts, 

(4) It is found experimentally that the band intensity ratios are constant 
with accelerating potentials of more than 30 volts, but that in the second 
positive system there is a dependence on voltage below this value. 

(5) In the former voltage region the calculated and observed complete 
intensities agree surprisingly well, although tho relative emission probabilities 
alone are quite different in sense from the observed intensities. 

(6) The dependence of the intensity ratios of the second positive bands on 
voltage near the excitation potential may be explained by taking into con- 
sideration the energy separation of the initial vibrational levels. This is not, 
however, sufficient for a complete explanation of all the results obtained 
near the excitation potential. 

(7) The optical excitation functions for the second positive bands are of 
the usual form for triplet states, and those for the negative bands are of tho 
form found by Lindh (loo, dt), 

(8) The complete intensities estimated graphically from tho potential 
curves are in the right order, but the excitation and emission probabilities 
differ from those predicted by wave meohanics. 

VOXi, OXLVI.~A. 


N 
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The Internal Conversion of y -Rays 

By J. B. Fisk, Trinity College, Cambridge, and H, M. Taylor, Clare College, 

Cambridge 

(Communicated by R, H. Fo\^er, P.R.8. — Received March 17, 1934) 

§ 1. Irdrodmiion — Theories of the internal conversion of y-rays developed 
by Hulmo* and by Taylor and Mottf have mot with success in explaining the 
observed values of the conversion coefficient in the range of wave-lengths of 
the RaC spectrum. The observed values for RaC lie approximately on two 
curves of which the one corresponding to lower values of the conversion 
coefficient is obtained theoretically if it be assumed that the nucleus radiates 
t)ie field of an electric dipole, while the other is obtained on the assumption 
that the radiated field is that of an electric quadripole. 

Neither theory, however, is in agreement with the observations on softer 
y-rays, such as those from RaB, where the experimental results are about 
twice as large as the values predicted by the quadripole theory, and, of course, 
many times larger than those predicted by the dipole theory. 

§ 2. The dipole and quadripole fields assumed by the above theories to be 
radiated from the nucleus are, of course, not the only possible fields. Electric 
multipole fields of higher order are possible, but it is shown by Taylor and 
MottJ that it is improbable that such fields will occur. There are, however, 
still further possible fields, namely, those associat^^d with oscillating magnetic 
multipoles. Such a field is in fact associated with the ordinary electric dipole 
field radiated by a Dirac electron making an “ optical ” jump.§ In such 
optical radiation the intensity of the “ magnetic radiation is small compared 
with the electric " radiation, but it does not necessarily follow that this 
would be so in radiation from nuclei, and therefore it becomes of interest to 
examine what values of the internal conversion coefficient would given by 
radiated fields arising from magnetic dipoles and magnetic quadrijwles. The 

* ‘ Proo. Roy. Soo.,’ A, vol. 138, p. 643 (1932). 

t ‘ Proc. Roy. 8oc./ A, vol. 188, p. 666 (1932), referred to as T.M, I ; and voL 142, 
p. 215 (1933), referred to as T.M. 11. 

t T.M. I, p. 667. 

f T.M. II. p. 236, and equations (4.18), (4.23). Electrio dipole radiation is associated 
with magnetic quadripole, and electric quadripole with either magnetic octopole or magnetic 
dipole. 
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calculation has been carried through as in T.M. 1 assuming in each case that 
the nucleus radiates a pure magnetic field. Thus for the field perturbing 
the extra-nuclear electron, and causing its ejection as a ^-particle we have 
taken ; 


(а) Magnetic Dipole:* 

M ^ = K . (cos 0). sin <A . . (l 4- — ) , ^ 

\ qri 

K . P/ (cos 0) . cos . r-i . ^ J ^ ^ 

(б) Magnetu> Quadripole 

S4^=^h. P.i (cos 6) . sin (i . . (l f - - ~] ■ e*'*' ‘ 

\ qr qV' 

rS^^-^-L. Pji (cos 0) . cos .i . r-'i . ( 1 + ^ - 4: 1 • 

' \ qr qV ’ 


( 2 . 1 ) 


( 2 . 2 ) 


The calculations follow closely upon the lines of those of T.M. I and arc there- 
fore not reproduced here. The results are shown in fig. 1, whore it will be seen 
that these radiations from magnetic multipoles give rise to conversion co- 
eflScients up to fifty times as great as those arising from the electric multipole 
radiations previously considered. 

If then, in the actual nuclear radiation, a small amount of this magnetic 
radiation acconypanies what is in the main an electric dipole or quadripole 
radiation, it is quite possible that the calculated internal conversion coefficient 
may be raised sufficiently above its value for pur<5 electric radiation to agree 
with the experimental values in the RaB region, while still leaving unaffected 
the agreement in the RaC region. 


§ 3. .4 Simple Nudear Modd -It thus becomes important to find whether 
there is in fact any appreciable amount of this ** magnetic type of radiation 
present in the nuclear radiation. For this purpose we have taken a simple 
model nucleus for which detailed calculations can be made, namely, a potential 
hole with vertical walls of deptli less than 2Mc^, in which is confined a proton 
of moss M obeying Dirac’s relativistic equations. The wave functions for 

* Cf, T.M. II, equation (2.23), whore an electric quadripole and a magnetic dipole wave 
are superposed. T.M. (2.23) is the form valid for large values of r and so the term ( 1 -f i/qr) 

of our (2J) has been replaced by unity. 
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such a Bystem can be written down explicitly in terms of Bessel fnnotions, and, 
aBBuming the width of the potential hole to be of the order of 10”^® cm we obtain 
a iseries of energy levels for the proton which are in very rough qualitative 
agreement with those of the observed y-TQ.y spectrum. On this crude picture 
of the nucleus we may now determine the field radiated when the proton makes 


/iv in v-olts xlO ’ 



Fio, 1 — Curve I — Electric quadripole ; II — ^Eleotrio dipole ; B, Q, 0, magnetic dipolsi 
quadripole, and octopolo respectively ; X experimental values in the RaB region. 
The RaC experimental points are all less than 0*008. 

a transition from one energy level to another. For a transition in which 
Ai = 2 we find, for points far from the nucleus 

6^0 == H {2Pa® (cos 0) + 1} . r~^ . e' ^ 

.9^, = iK . Pj! (cos 0) . sin ^ . r"! . e'**^-”** 

, 9 ^.^ = _ iK . Pi* (oos 0)co8 ^ . »•-* . e‘ 
a, = 8H . Pi® (cos 0) . r-* . e‘ 

yrhete the constants H and K determine the relative amounts of “ electric ” 
and “ magnetic ” radiation present. These constants are expressed as integrals 
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in T.M. II, equation (4.21), and for our simple nuclear model we can evaluate 
these integrals using the explicit forms for the wave functions concerned. 
We find that the ratio of H to K is of the order of 4000 to 1, and that the ratio 
of the amount of electric quadripole to the associated ‘‘ magnetic ” dipole or 
octopole is of the same order. Thus on the assumption of such a model nucleus 
we deduce that the amount of “ magnetic radiation present is always too 
small to make any appreciable alteration in the conversion coefficients as 
given by Hulme and by Taylor and Mott. 

§ 4. It is possible, however, that an appreciable amount of “ magnetic 
radiation may arise in other ways. A neutron possessing magnetic moment 
and no electric charge would radiatti a purely “ magnetic ** radiation. But 
since the centre of mass of a nucleus remains stationary in a nuclear transition, 
therefore a transition of a neutron between two qiiantum states would cause a 
corresponding change in the remainder of the nucleus and hence a change in 
the electric centre. Thus such a transition would give rise to a field consisting 
of both electric and magnetic terms. 

Summary 

It is shown that in addition to the fields*of radiation which have formerly 
been assumed, namely, those of electric multipoles, a nucleuB may also emit 
those due to magnetic multipoles, and will in fact emit a combination of both. 
The internal conversion coefiGicients arising from such magnetic multipole 
radiations arc calculated, and are shown to be much larger than the corre- 
sponding values for electric multipole radiation. It is shown that, on the 
assumption of a simple model nucleus, the proportion of magnetic radiation 
actually present is too small to affect appreciably the values of internal con- 
version coefficients calculated on the assumption of purely electric multipole 
radiation. A more complete theory of the nucleus is needed to predict the 
relative amoimts of magnetic and electric radiation to be expected from an 
actual nucleus. In order to bring the theoretical values of the conversion 
coefficient into agreement with the experimental values for RaB this proportion 
would need to be of the order of 1 to 50. 
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The Nuclear Spins and Magnetic Moments of the Isotopes of 

Antimony 

By S, Tolaksky, Ph.D,, 1851 Exhibition Senior Student, Imperial College of 
Science and Technology, South Kensington, London 

(Communioated by A. Fowler, F.B.S. — Received March 20, 1934.) 

Introduction 

The first detailed examination of the fine structures occurring in the visible 
lines of the 8b II spectrum was made by Badami,* who reported extensive 
structures in many lines. Badami attempted to excite the Sb II spectrum in 
a hollow cathode discharge, but oven a current of 0 » 4 amp failed to produce 
sufficiently strong lines. As a source he therefore used a relatively high current 
arc (carrying 3-5 amps) which necessarily broadened each component so that 
serious blending often took place, and as many of th© structures are complex, 
the blends introduce considerable ambiguity in analysis. According to Aston, f 
antimony consists only of two isotopes, 121 and 123, whose abundance ratio 
is 100 : 78-5. Badami concluded that the nuclear spin of the 121 isotope is 
5/2 and that of the 123 isotope is 7 /2. However, a critical comparison between 
the experimental data he published, and the theoretically predicted patterns 
based upon this assumption, shows so much ambiguity in interpretation, 
that a re-examination of the spectrum was xmdertaken. 

It was apparent that the source to be used must give sharper components 
than the arc as used by Badami, and for this purpose a hollow cathode appeared 
to be moat suitable. Wlien the author was engaged upon an analysis of the 
As II fine structures,! he encountered the same difficulty as Badami, in failing 
to excite a sufficiently strong As II discharge in a cooled hollow cathode. 
Since arsenic and antimony are so closely related in the Periodic Table, it was 
thought that the phenomenon might be due to inappreciable sputtering in 
both elements. However, whilst recently engaged upon intensity measure- 
ments in the As II structures (together with J . F. Heard) the author found it 
possible to produce an intense As II spectrum in a cooled hollow cathode, 
provided the arsenic was free from oxide. This at once suggested that an oxide 
firee antimony hollow cathode ought to yield good results. This was indeed 

* * Z. Physik/ vol. 79, p, 206 (1932). 
t * Proo. Roy, Soc.,’ A. vol. 132, p, 487 (1981). 
t * Proo. Boy. Soc.,* A, vol. 187, p. 641 (1982). 
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found to occur, and with only one-seventh of an ampere a brilliant 8b II 
spectrum was excit<^d. The source is much superior to the arc, not only 
giving sharper lines, but also apj>earing to be much stronger. 

The analysis of the patterns observed with a hollow cathode, shows without 
any doubt that the nuclear spins of both of the 121 and 123 isotopes are 5/2, 
but that the nuclear magnetic moments are different, that of 121 being 1*37 
times that of 123. As a result, the pattern of a line consists of a fine structure 
multiplet due to 121, and superposed on this is a si mila r pattern due to 123, 
approximately three-quarters of the intensity of the main pattern and about 
five-sevenths of the scale. The patterns for lines involving higher J values 
are therefore extremely complex. 


Experimental 

The spectrum was excited in a hollow cathode tube through which pure 
helium was continuously circulated. To obtain an oxide-free antimony 
hollow cathode, a simple procedure was employed. Molten antimony was run 
into a hollow iron cylinder, and on cooling, the solid cylinder of antimony was 
drilled, exposing a fresh surface. This was immediately introduced into the 
discharge tubs und after pumping and circulating helium for a few minutes, 
a brilliant, sharp speertrurn could be obtained with currents between 100 and 
160 milliamps. The spectrum could be excited equally well in a water cooled 
or in a hot hollow cathode, but the latter had the advantage of giving a relatively 
weak helium spectrum and was mainly used. The atomic weight of antimony 
is sufficiently high not to call for cooling, if small currents are employed. 

The lines were examined for fine structure with a silvered Fabry-Perot 
interferometer crossed with a large aperture two-prism spectrograph. The 
interferometer gaps employed were IJ, 2, 2J, 3, 4, 5, 6, 8, 11, 15 and 25 mm. 
The region examined was XX 6800“5()00, and when Ilford hyqH^rsensitive 
panchromatic plates were used, the exposure times varied between a few 
seconds and an hour. Many lines below X5000 have complex structures, 
but the patterns are wide and only small gaps can be employed, so that the 
combination of diminishing resolving power due to reduction in reflection 
coefficient, together with the smallness of the gaps, makes resolution extremely 
difficult ; hence observations have not been attempted. 

In Table I is given a list of the observed structures. The wave-lengths are 
token mainly from Kayser’s ‘ Handbuoh der Spektroskopie/ and the allocations 
where known are those given by Badami (loc, It is possible that one or 

two of the unallocated lines in the table may belong to the arc spectrum, and 
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where this is suspected the line has an asterisk against it. The evidence is 
very indefinite however. The fine structures are given in units of cm“^ X 10 “®, 
and the visually estimated intensities are shown below, as usual, in brackets. 
The errors in the best of values probably do not exceed three units, but many 
components are broad and diffuse, and the errors for these must be higher. 

If these data are compared with those of Badami, it is seen that the patterns 
reported by the latter are actually those which arise when the individual 
components are broad and blending occurs. Comparisons will be made later. 




3 ' 

I 




sp €p 


72 ^ 
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% 
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Fig. 1 — Allocated lines observed for fine struotures, 


Amlym of the Structures 

Unfortunately the gross structure multiplet analysis in Sb II has only 
been partially carried out, and about one-third of the observed lines have 
been classified (Badami, loc. ci<.). Those classified lines which are studied here 
are shown in fig. 1, from which it is seen that they involve transitions between 
8 P D terms of the hp 6p configuration, and bp 6s ®Pj and 5p 6s Each 
of the last-named two lower terms is involve<i five times and four of the upper 
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Table I — Fine Structures of the Lines 

of Sb II 




Wave-length 

Int* 

Allooation 





Structure 



Violet 

6S06*2 

2 



744 

615 

433 393 72 

0 

+ 







(6) 

(4) 

(10) 

(81 

1 (10) 

(14) 




6778*6 

4 


110 

46 

0 

+ 





6713*8 



(3) 

(5) 

(7) 








1 

— 

0 

70 

118 

+ 







6658*6* 



<4) 

(4) 

(3) 








1 

— __ 

196 

161 

07 

0 

+ 









(1) 

(1) 

(2) 

(3) 






6613*0 

3 

— _ 

671 

484 

368 

21fi 

1 184 

. 80 

0 







(3) 

(2) 

(1) 

(4) 

(4) 

(2) 

(10) 




6603*1 

4 


0 

76 

242 

276 

413 

616 

630 -h 



6417*8 


(10) 

(7) 

(8) 

(5) 

(3) 

(6) 

(4) 




1 


0 

29 

176 

26(i 

) 31C 

> 368 

+ 







(10) 

(7) 

(11) 

(3) 

(7) 

(2) 




6389*4 

1 

— 

104 

63 

0 

+ 










(3) 

(5) 

(7) 








6319*1 

3 

a« »p, - 

312 

230 

125 

30 

0 

+ 





6320*8 


(li) 

(2) 

(10) 

(6) 

(3) 






8 


86 

0 

80 

433 

468 

633 

628 

760 

788 

028 4- 




(9) 

(10) 

(7) 

(4) 

(5) 

(4) 

(4) 

(2) 

(2) 

(4) 

6103*1 

3 


148 

83 

0 

+ 








(3) 

(fi) 

(7) 







6130*1 

26 

6«»P,--6|>aD, ~ 

100 

0 

31 

131 

209 

314 

380 

416 

616 

660 + 



(1) 

(10) 

(7) 

(3) 

(8) 

(4) 

(5) 

(3) 

(3) 

(li) 

6079*7 

20 

6a ®P,-*-6p ’Pg — 

131 

0 

60 

176 

229 

314 

417 

621 

4" 




(1) 

(10) (10) 

W 

(3J) 

(4) 

(5) 

(3) 



6052*9 

10 

— 

131 

0 

00 

606 

661 

626 

766 

960 

1160 

1207 4- 




(0) 

(10) 

(7) 

(3) 

(4) 

(3) 

(3) 

(3) 

(4) 

(2) 

6006*2 

20 


461 

258 

123 

0 

49 

214 

361 

436 

660 

701 4- 




(1) 

(0) 

(4) 1 

(30) 

(20) 

(12) 

(10) 

(16) 

(0) 

(3) 

6910*6 

16 


0 

102 

145 

188 

+ 








W 

(3) 

(2) 

(1) 







6896*0 

8 


0 

108 

614 

686 

966 

1176 

4’ 




6846*7 



(14) 

(10) 

(8) 

(10) 

(4) 

(6) 





6 


138 

68 

0 

+ 









(2) 

(3) 

(3) 








6702*4 

9 


330 

0 

240 

464 

588 

813 

007 

1202 1366 + 




(1) 

(7) 

(«) 

(1) 

(1) 

(0) 

(7) 

(4) 

(8) 

6689*7 

20 

6a »Pt”*6p »Si 

0 

71 

217 

319 

399 

477 

608 

72« 

1 4- 



(10) 

(8) 

(0) 

(3) 

(3i) 

(6) 

(5) 

di) 



6632*0* 

10 


0 ] 

L80 

213 

+ 










(10) 

(4) 

(5) 








6568*1 

26 

6a1Pi— 

224 

174 

00 

0 

+ 








(3) 

(S) 

(7) 

(9) 







6666*3* 

7 

«- 

368 

206 

226 

189 

98 

0 


4- 






(2) 

(4) 

(1) 

(3) 

{3i) 

(7) 





6464*4 

10 


0 24S 

672 

879 

101 : 

^ J243 1434 1666 

1862 4- 




(10) (74) 

(12) 

(1) 

(2) 

(4i) 

(Si) 

(3) 

(3) 

6381*0 

10 

6A»P,™-6pADg - 

117 

0 

36 

129 

207 

268 

307 365 

466 607 4- 



(1) i 

[10) 

(7) 

(2) 

(4) 

(8) 

(4) 

(4) 

(«) (8) 

6066*9 

6 

— 

0 i 

too 

667 

632 

882 

1073 4- 






(U) (10) 

(8) 

(10) 

(4) 

(8) 





terms are each iavolved twice. Opportunity is thus afforded for checking 
the derived term stractuzes. Coupling theory, and comparison with the 
analogous As 11 spectrum, suggest that the 5p 6s *P| term should show a wide 
fine Btiructure whilst that of 6p 6s should be narrow. Most of the structures 
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in the 5p configuration are expected to be smaller than that of the 5p 6$ 
term, for the latter involves an s electron. 

As pointed out previously, the patterns produced by lines involving higher 
J valued terms are expected to be extremely complex, and, indeed, the clue 
to the analysis is given by a group of relatively simple lines involving terms with 
J = 1. In these lines the terms which produce the fine structures are unknown, 
but in each the J value must be 1 and the other term must have a ixiinute or 
zero structure. This will become apparent from the analysis. The three 
unclassified lines in question are XX 6806*2, 5895*0, 5056*9, and each will 
now be considered in detail. 

X 6806 '2 — ^The analysed structure is shown in fig. 2. The line consists of 
six sharp clearly resolved components degrading in intensity to the red. The 
components, drawn with the straight lines A, B, C, are attributed to the 121 
isotope (abundance = 100) whilst the dotted components a, 6, c are attributed 
to the 123 isotope (abundance = 78*6). The estimated intensities fit this 
schemij very well, and there is no alternative explanation. Since the structure 
for each isotope consists of a regular degraded triplet, the term possessing the 
fine stnicture must have a J value of 1 (the number of components in a term 
equals 21 + 1 or 2J + 1 according to which is smaller). The extreme sharpness 
of the individual components shows that the other term involved has a very 
small structure if any at all Since the structure is entirely due to one term 
with J = 1, the interval ratio in the structure will give the nuclear spin, the 
ratio AB : BC is 1 *39 : 1 and that of oft : 6c is 1*44: 1. The following ratios 
are those given by different nuclear spins : — 


Nuclear spin 3/2 5/2 7/2 9/2 

intesrval ratio 1*66 1*40 1*28 1*22 


It is at once obvious that 6/2 is the nuclear spin for both the isotopes, without 
any possible ambiguity. The deviations from the theoretical value 1*40, 
are probably real. Calculations shows that a small structure in the other 
term involved has the net effect of slightly increasing one ratio and diminishing 
the other. Tliere is in addition the experimental difficulty attached to measur- 
ing very accurately the separation Bb which is only 40 imits (0*019 A). There 
is usually a tendency to imderestinaate the separation of close components, 
and this would move the ratios in the observed direction. A check to the 
analysis is formed by calculating the optical centres of gravity of the structures 
of each isotope, which ought to coincidei tmlesB there happens to be an isotope 
displacement. The calculated centres of gravity fall at 309 and 301 respeo- 
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tively for the stronger and weaker patterns. Considering that six components 
contribute to the calculation of the two centres of gravity, the small diSerenoe 
of 8 units is hardly likely to have such significance, and indeed the centres of 
gravity may be considered as coincident. There is no reason to expect isotope 
displacement, so that the coincidence strongly supports the analysis. 

Since both the isotopes have the same nuclear mechanical moments, the 
fact that the patterns have difierent scales sliows that the nuclear magnetic 
moments of the isotopes are different, for whereas the number of the com- 
ponents in a term is determined by the nuclear spin, the width of the pattern 
is proportional to the nuclear magnetic moment. From the pattern it is 
found that =^1*37 where (Xiji and p.i 28 are the respective nuclear 


A 



magnetic moments. The interval factors calculated for the term with the 
structure are, 124 for the more abundant isotope and 90 for the loss abundant. 

X 5895*0 — ^The structure and analysis are shown in fig. 3a. The pattern 
is identical in appearance with that of the previous line, but is degraded to 
the violet and about 50% larger. This line has also been observed by Badami 
but the separations given by him and by the author do not exactly agree. 


They are as follows : — 

A 

a 

b 

B 

c 

C 

Badanii 

0 

117 

589 

680 

959 

1169 

Author 

0 

108 

6U 

686 

966 

1176 


The measurements were made on IJ, 2^, 3, 4, 5 and 6 mm etalons. The 
largest deviation is in the separation of the closest pair B&, the difierenoe being 
19 units. Owing to the superior source employed by the author, the data 
presented here are probably more reliable. This is the line upon which Badami 
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based his analysis, finding the interval ratios as 1*40 : 1 and 1'28 : 1 respec- 
tively. 

It is again apparent that the term possessing the fine stniotare has a J value 
= 1. The interval ratios found by the author are 1-40 : 1 for the stronger 
isotope and 1 ■ 43 ; 1 for the weaker isotope, giving again 5/2 unambiguously 
for both isotopes, and thus agreeing with the deduction made firom the previous 


A 



A 



FtQ. 8—0, ).6896 0 } 6, X6056'9. 


line. The ratio [iiax/t^ias ^ ^‘36 which agrees remarkably well with the 
previous value 1'37. 

X 6065 ’9 — The structure and analysis are shown in fig. 3, 6. The pattern 
for this line is closely similar to that of the previous line, but about 
10% smaller. The interval ratios are 1 '40 : 1 for the stronger and 1*43 : 1 
for the weaker isotope, giving again a spin of 6/2. The respective centres 
of gravity are at 436 and 426 so that again the difference is not very 
significant. The ratio pm/tJiias » 1*87 ; therefore firom the three lines, it 



160 


The Nudear Spins of Isotopes of Antimony 

oaa be oonduded with certainty that the spin for both isotopes is 5/2 and that 
the 121 isotope has a nuclear magnetic moment 1*37 times that of the 123 
isotope. The calculated interval factors for the last two lines tmder con- 
sideration are 179 ... 130 and 194 ... 143 respectively, and it is possible that 



c 


Fio. 4— X 6079 -7 (6« ’I’t). «, theoretical pattern; 6, resultant pattern calcu- 
lated ; 0 , observed pattern. 

both lines involve the same fine structure term. If so the 8% difference is 
to be attributed to one of the other terms involved. There is no definite 
evidence of any isotope displacement in the three lines. These considerations 
will now be applied to the more complex classified lines, and it will be seen that 
they explain these stractures satisfactorily. 
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X 6079 '7 ( 6 fi *P 2 ™ 0 |> ®Pa)— When a highly complex transition such as this 
is being considered, then the only approach to term analysis that can be made 
is by means of the Fisher-Goudsmit graphical method* details of which are 
given in the author’s work on arsenic (ioc, oiL), By means of this, it is possible 
to calculate both the upper and lower term structures from a line pattern, 
even if a number of components are blended in the pattern. The observed 
pattern is fitted into a graphical line complex, and from the position of closest 
fit the term structures can be calculated. For instance in fig. 4 is shown the 
observed and the predicted pattern for X 6079*7. The interval factor for the 
6 # ®Pj term is 74 for the 121 isotope, and 54 for the 123 isotope, and the values 
for the upper term are 36 and 26. The theoretical line pattern for these interval 
factors is extremely complex and is shown in fig. 4, a. However, the graphical 
method shows up clearly that the complex pattern can be reduced to that of 
fig. 4, b when the centres of gravity of blends are taken into account. Fig. 4, c 
shows the observed pattern, and the agreement may be considered highly 
satisfactory, both as regards th (5 intensities and the positions of the com- 
ponents. Certain of the observed components, in all the complex lines, were 
recognized to bo complex from their widths, but owing to overlapping of 
orders with increasing plate separation, higher resolving powers could not be 
used. 

X 5639 *7 — The structure of the lower term has already 

been determined from the previous line. The analysis is shown in fig. 6 and 
when carried out independently graphically, it is found that within experi- 
meiital error the same interval factor is obtained as before for the lower term. 
The predicted and observed patterns agree well, the net resultant theoretical 
blends being shown in fig. 5, a, and the observed pattern in fig. 5, 6 . Owing to 
the frequent blending of the components, due to the different isotopes, there is 
v<?ry little point in differentiating these by straight and dotted lines as in the 
simpler structures. In this line, and in the next, only the first two com- 
ponents can be strictly ascribed to 121 and 123 respectively, the remainder 
being largely blends, although frequently one isotope predominates in the 
intensity contributions. 

X 6503-1 ( 6 s ®Pjj — — The observed and calculated structures are 
shown in fig, 6 . The agreement is reasonably good. 

X 5381-0 ( 6 s*p 2 — — The analysis for this lino is very satisfactory, 
fig. 7. The graph predicts eleven observable resultant components, several 
of which are blends. Ten components were observed, eight of these being 
* ‘ Phys. Rev./ vcl. 137. p. 1069 (1931). 







vmj olose to the oalcokted positioas {fmm 0 to T mute away). liu» deviateons 
23 and 25 ujoits in the other two can be explained. The jSnt etior axiaoB 
from the difficulty in measuring accurately the amall separation, 69, between 
the two strongest components, one of which is a blend, and the second error 
is due to a diduse tail-end component. 

>, 6130 • 1 (6s *P j — 6p ^Dg)— This is the last lino involving the 6s ‘Pj term 
to be considered. Fig. 8, b shows the predicted pattern and fig. 8, othe observed 
pattern. Considering the &ct that the upper term has a J value 3 (the actual 
total number of components in the pattern being 28) the agreement is as good 




7— XSSSl'O (6«’P« — Bp'Df). 0 , oalonlated ramhant : t, oteerved. 

as can be expected. In fig. 8, a the pattern reported by Badami is shown, to 
illustrate the difEerenoe in resolution obtained. 

This conoludes the analysis of the lines involving the 6s *Pg term, and it 
can be confidently concluded that the interval fisotors for this term are 74 
and 64 for the stronger and weaker isotope respectively. The remaining five 
classified lines have 6s ^P| as the lower term and four of the five upper tenn 
stmotures have already been determined. The analysis of these lines will 
therefore afford a check on the previous work. 

X 6319’ 1 (6s ^Pj-- 6p ’Pg) — The upper term strooture is obtained fiw>m the 
previous analysis of X 6079 '7. The predioted and observed patterns are 



The Nudear Spins of Isotopes of Antimony 193 

shown in fig. 9. The pattern is degraded to the red because the structure in 
the upper term is greater than that in the lower term, which is expected also 
on theoretical grounds. The agreement between observation and prediction 
is very good, for the structure is not on a large scale. The calculated interval 
factor for the 6s term (stronger isotope) is 9-8. 





pio. 8 — X 6130*1 (6s®Pj — a, structure reported by Badaini ; 6, calculated 
resultant ; c, observed. 

X 5846-7 (65 — 6p ®Si)”-"The stnicture is very small, and three broadened 
blended Gomponents could only be resolved. The predicted pattern, fig. 10, 
consists also of three broad patches of blends in good agreement with observa- 
tion. The oaloulated interval factor for 6s is 8 • 6 which agrees surprisingly 
well with the previous value 9-8. 
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Fio. 9 — X 0319*1 ^Pj — Qp *Pg). a, observed ; b, calculated resultant. 



^ Fia. 11"*X 0778*6 (6s »P,). 

Pm. 10— X 6846*7 (6s ^Pj — 6p %). a, observed ; 6, calculated resuHant. 

a, observed ; 6, calculated resultant. 
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X 5668*1 ( 6 «^Pi — 6 p^Dj) — Like the previous two lines, this has also a very 
small structure degraded to the red, and analysis gives 8*3 for the interval 
factor of the lower term, again in good agreement with the previous value, 

X 6778*6 ( 6 s — 6 j?*Pj) — Three close components were measured, fig. 11, 
and the analysis proved ambiguous. The calculated interval factor for 6 s ^P^ is 
5 but this is unreliable. 

X 6910*6 ( 6 s ^P^ — Op^Pj) — ^This line is the only one inolving the Os ^P^ term 
that is degraded to the violet. The previous data show that the lower term 
has a small interval factor whose value is about 9. This line can therefore 
only be explained by attributing a negative factor to the upper term. The 
value deductMi for this is — 40, but there is a large uncertainty, perhaps 20%. 


Discussion 

The concordance between the three relatively simple lines XX 6806*2, 
6895*0, 5066*9 shows that the nuclear spins of both the isotopes are 6/2 and 
that the ratio fXjai/ [Ajaa = 1*37. The five lines involving the 6 s *P 2 term have 
all been analysed on the assumption of interval factors of 74 and 54 for the 
121 and 123 isotopes, respectively, and agree well with the predicted patterns 
despite the great complexity expected. The five lines also give the structures 
for 6 p*P^, 6 p®D 3 , Op^Pj, 6 p^ 8 ^, and The first four of these terms 

are involved in the lines coming to 6 s ^Pj so that the interval factors of the 
latter can be independently calculated from each. This is only small, yet the 
values (for 121) obtained from three of the lines are 9*8, 8 * 6 , and 8*3. The 
second figure has very little significance, and the three values may be considered 
as identical, affording a verification of the analysis. The complete list of 
calculated interval factors is given in Table IL The unknown terms 
each have a J value 1. If the structure in X 6806 • 2 arises from the lower term, 
then the interval factor is negative, whilst if the lower terms are also responsible 
for tl\e other two lines, their interval factors are positive. It is possible, as 
pointed out before, that and Cj both refer to the same term. 

It is of interest to compare these interval factors with those given by Badami 
for the 121 isotope. Since Badami calculated the 123 interval factors on the 
basis of a 7/2 spin no comparison is necessary for these. The comparison is 
made in Table III. 

An asterisk is placed against the terms in which the agreement is not very 
good, and it is to be observed that all these are upper terms involving a J 
value of 1 . For a given interval factor the spread of the struotme is almost 
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proportional to the value of J (up to a J = 3) which indicates that those lines 
having the smaUer structures in the upper terms, have not been sufficiently 
well resolved by Badami, so that the interval factors are all underestimated. 
The deviation in 6p lies in the fact that the structure in the line involving 
this term is small. 

Table II — Term Interval Factors in Sb II Structures 


Term 

Interval factors 


121 

123 


74 

54 


9 

6 


26 

19 

6p*P. 

86 

26 

6p«Da 

24 

17 

6p»8i 

35 

26 


26 

19 

ep*Pi 

-.40 

~29 

6S06 at 

124 

90 

5805 ht 

194 

149 

5056 Ct 

179 

180 


Table III — Comparison of Interval Factors 


Term 

Badami 

Tolansky 

6, ‘Pi 

188 

— 

6,‘P, 

74 

74 


small 

9 

ep'P. 

32 

36 

6p»D, 

26 

26 

6p*D, 

19 

24 

• 80 * 8 . 

26 

35 

•6p*P, 

19 

26 


small 

-40 

6895 b. 

193 

194 

5tSp*’D, 

174 

— 


t Given by Badami as no doubt a miaprint. 

The values given by both observers for the other terms are in good agreement, 
particularly 68 and 6p^D,. It is highly probable therefore that the 
intervals given by Badami for the 68 *P, and the 5« 6p* *D, terms are both 
approximately correct, for the structures in these terms are very wide. The 
ratio of the factors for the 5s ’P, and 58 *Pj terms found in As II by the author 
is 1 '24, while the ratio between the 68 term of Sb II and the value given by 
Badami for 68 *P, is 1'27. The electron couplings in the two spectra being 
similar, the closeness of the two ratios enhances the reliability of the value 
given for 68 ‘P, by Badami. 

The large interval factors for the terms a, b, c, indicate that these are 
probably associated with the Ss 6p* configuration, which possesses a deeply 
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penetrating 8 electron. Amongst the unclassified structures in Table I it is 
also probable that those in the lines XX 6052*9, 5702*4 and 5464*4 are 
associated with this configuration. A consideration of the more complex 
patterns shows that approximately correct values will be obtained for the 
121 isotope even with partial resolution, but leaves the analysis of the 123 
isotope quite ambiguous. This accounts for the agreements in Table III in 
spite of the different spins adopted for the 123 isotope. 

The line X 5632*0 is of particular interest. It is suspected to be an arc 
line with J value \ for the term showing structure. With small gaps the 
structure is a doublet, intensity ratio about 7 : 5, With high resolution the 
weaker component splits up, presumably owing to the unequal magnetic 
moments. From the structure it is possible to get aii approximate value of 
the ratio (ii 2 i/t^xa 8 which is found to be 1 *4, in good agreement with the much 
more accurately determined value 1 *37. 

Nuclear Magnetic MomeMs 

The calculation of nuclear magnetic moments is as important as the deter- 
mination of the mechanical moment and has been made possible, in favourable 
cases by making use of the formulaB deduced by Goudsmit.* 

For accurate calculation it is necessary to know the typ^ of coupling in 
the terms and the fine structures, and this enables the interval constants for 
individual electrons to be determined, Goudsmit'*' has calculated the nuclear 
magnetic moments for the antimony isotopes, using Badami’s data. From 
Table III it is seen that Badami’s interval factors for the 121 isotope will give 
the correct value for the magnetic moment, for the formute employed by 
Goudsmit are only approximate when applied to a spectrum like Sb 11. The 
value calculated by Goudsmit for this isotope will therefore be retained. 
Since Jiija/p-iaa “ magnetic moment for 123 is readily deduced. 

If I is the nuclear mechanical moment, and (x the nuclear magnetic moment, 
then if quantum units are used, 

tx-I.<?(I), 

where g (I) is a numerical ratio. For the purpose of comparison with theory, 
it is simpler to divide the calculated magnetic moment by I, and to compare the 
resultant g (I) factors. Goudsmit finds g (I)iai = 1*1, therefore {I)x j 3 = 0 * 8 , 
A theory has been proposed by Land 6 for the calculation of g (I) factorsf for 

• * Phys. Rev.,’ vol. 43, p. 636 (1933). 
t ‘ Phys. Rev.,’ vol. 44. p. 1062 (1938). 
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oertom atoms. The fundamental assumption made, is that in atoms with odd 
atomic charge and odd atomic number, the nuclear spin properties, are attri- 
buted to the single odd proton in the nuclear configuration. This proton is 
assumed to possess a spin of a ^ and also an orbital angular momentum, which 
combines with this to give a resultant spin value, which is the nuclear spin. 
On the basis of this theory there are two possible ff (I) factors for antimony, 
namely, one arising from a nuclear configuration in which the spin of the odd 
proton couples parallel with an orbital quantum number 2, and one in which 
it couples antiparallel with an orbital quantum number 3. Both of those 
arrangements produce a mechanical spin of 6/2 but the ff (I) fector calculated 
for the first is 1*6 while that for the second is 0*57. These calculated 
values may be compared with the experimental values 1*1 and 0*8. The 
theory of Land4 is only tentative. 

There is one other known atom which possesses two isotopes with the same 
mechanical moment, but with different magnetic moments. Tliis is gallium, 
in which the two isotopes 69 and 71 have a spin of 3/2 but the ratio 
= 1*27.* There is also no isotope displacement effect. In gaUium 
the heavier atom is less abundant (1 : 1 *6) and has the larger magnetic moment, 
while in antimony the heavier atom is also less abundant, but has the smaller 
magnetic moment. 

The Table IV shows the atoms which have isotopes with different nuclear 
magnetic moments. 

Table IV — Isotopes with different Nuclear Magnetic Moments 


At^m H Ga Rb Sb X© Hg 

laotopoA 2 71 87 121 129 201 

Isotope B 1 69 86 123 181 199 

Ratio <1 1-27 2-0 1*87 -M 


1 wish to take this opportunity of expressing my thanks to Professor A. 
Fowler, F.R.S., for his helpful interest and advice and for the excellent experi- 
mental facilities he has afforded me in his laboratory. 

Summary 

The spark spectrum of antimony has been excited in a hollow cathode 
discharge and examined for fine structure in the region XX 6800-6000 with a 
silvered Fabry-Perot interferometer. Structures, most of which are highly 
complex, were measured in 26 lines. 

* Campbell, ‘Nature,’ vol. 131, p. 204 (1033). 
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The structures are completely explained by attributing a nuclear spin of 
6/2 to both of the isotopes 121 and 123, but the nuclear magnetic moment 
of the former is 1 *37 times as great as that of the latter. 

Fine structure interval factors, for both isotopes, have been calculated for 
11 terms. 

The g (I) factors are found to be 1*1 and 0*8 for the 121 and 123 isotopes 
respectively. 


The Scattering of Slow Electrons by Organic Molecules 
I — Acetylene, Ethylene, and Ethane 

ByE. C. Childs, Ph.D., Exhibition of 1851 Senior Student, and 
A. H. WooDCJocK, M.A, 

(Communicated by Lord Rutherford, O.M., F.R.S. — Received March 20, 1934) 


Introduction 

It is now well established that beams of electrons are scattered by atoms to 
produce diffraction maxima and minima which may be fairly well accounted 
for by considering the probability of an electron travelling in any particular 
direction as a wave function. The atom provides a refrangent medium the 
refractive index of which depends both on the initial energy of the electron 
and the potential at the region of the atomic field occupied by that electron. 
In previous papers by Massey and one of us* comparison was drawn between 
the diffraction patterns for the members of the zinc, cadmium, and mercury 
group, which are of very similar structure in the outer shells, and the conclusion 
was drawn that the region in the atomic field which is chiefly responsible for 
the scattering, is that in which the orbital electron energy is of the order of 
magnitude of the energy of the incident electrons, shells of similar radius 
and energy scattering similarly. Hence there is the possibility that the 
structure of atoms and molecules may be investigated experimentally by a 
comparison of their electron scattering patterns, using electrons of various 
energies, with those for atoms of known fiields. Since, however, few molecules 
possess even approximately spherical symmetry, even at considerable distances, 

♦ Childs and Massey, ‘ Proo. Roy. Soo./ A, vol. 141, p. 473 (1933) ; vol. 142, p. 609 
(1938). 
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it is important that the effect of lack of spherical symmetry shotdd be known. 
For this purpose the group of molecules comprising acetylene, ethylene, and 
ethane was chosen. The outer field contours of these molecules vary from 
roughly spheroidal for acetylene to dumb-bell-shaped for ethane. 


Description of Apparatus and Experimental Frocedure 

The quantity measured in the present experiments was the fraction of the 
incident electron beam scattered into a certain fixed solid angle, and the 
variation of the scattered electron current with the angle of scattering was 
investigated using an apparatus similar to that of Bullard and Massey.* This 
has often been described, and consists of an electron gun providing a narrow 
beam of electrons, and a Faraday cylinder surrounded by an outer screen 
containing two slits. The latter is mounted on a ground joint and may thus 
be rotated. The slits of both the electron gun and the collecting system are 
aligned on the axis of rotation, so that the latter defines the solid angle of 
collection while the gun and collector together define the angle of scattering 
and the scattering volume. After alignment the whole is inserted through a 
large ground joint in a pyrex tube, which is then evacuated to a pressure of 
about 10^® mm of mercury and baked at a high temperature to remove back- 
ground scattering. 

The gas investigated was contained in a ^ass bulb of about 4 litres capacity 
at a pressure of nearly 2 cm of mercury. It was passed into the scattering 
chamber through a capillary tube leak, so that a suitable pressure of a few 
thousandths of a millimetre was maintained against the pumps, a continuous 
flow of pure gas thus being secured. The liquid air trap between the tube and 
the McLeod gauge prevented the measurement of the pressure in the scattering 
chamber, but frequent check measurements were taken to ensure that this 
was constant. The magnitude of the scattered current was such that the 
probability of plural or multiple scattering was small A precise knowledge 
of the pressure was not important, as absolute measurements cannot be made 
with the apparatus. 

Electrons which had made inelastic collisions were rejected by the Faraday 
cylinder, to which was applied a retarding potential sufficient to maintain it 
at a few volts positive with respect to the filament of the gun. When the 
electron energies were above the ionization energy of the molecules (about 
10 volts) the positive ions produced were prevented from reaching the collector 

* ‘ Ptoc. Roy. Soo./ A, vol. 130, p. 079 (1931). 
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by *pplyuig positive potential to the outer case, relative to the potential of 
the scattering chamber. When this was not efiective the ion current was 
measured separately by rejecting all electrons at the Faraday cylinder, the 
total current being then corrected by this amount. 

Of the gases used, acetylene and ethylene were supplied by the British 
Oxygen Company, the former dissolved at high pressure in acetone-saturated 
kapok, and were not further purified. Ethane was not obtainable com- 
mercially and was prepared chemically, using the Grignard reaction. 

Results and Discussiori 

The results obtained are shown in fig. 1 and Tables I, II, and III. The 
form of the curves varied so rapidly with voltage at the lower end of the range 
studied tliat it was necessary to obtain results at very small voltage intervals. 
Angular distribution curves were therefore taken for approximately 4, 6, 8, 
10, 12, 15, 20, 25, 30 and 40 volts, represented by v in the tables, 6 being the 
angle of scattering. At the conclusion of these experiments there appeared 
a description by Hughes and McMillen* of similar experiments with acetylene 
and ethylene, mainly at higher voltages. Their 10-volt curves (their lowest) 
agree reasonably well with ours, but rather better for acetylene than for 
ethylene. Their 25-volt curves, however, indicate larger scattering, relative 
to the 10-volt ones, than do ours. The same discrepancy is shown when their 
results for methane are compared with those of Bullard and Massey.f The 
latter give curves for 20- and 30-volt electrons, from which the 25-volt curve 
had to be interpolated. 

It is apparent that at low voltages there is a steady transition of the form 
of the angular distribution cmves from acetylene, through ethylene, to ethane, 
but at higher voltages, where comparison is necessarily made mainly by 
steepness at small angles, the order becomes ethylene, acetylene, ethane. If 
comparison is also made with methane, which has roughly spherical symmetry, 
it is found that ethylene bears the greatest resemblance to this gas rather than 
to the spheroidal molecule acetylene. 

In order to discuss the results in the light of molecular fields, we may use 
the theory of PaulingJ and Slater, § or of Hund and Mulliken|| concerning the 

• ‘ Phys. Bev.; vol. 44, p. 876 (1933). 

t ‘ Proo. Roy. Soc.,* A, vol. 133, p. 637 (1931), 

t ‘ J. Amer, Chem. Soc.,’ vol. 63, pp. 1367, 3226 (1931). 

§ ^ Phys. Rev.,* vol. 87, p. 481 (1981). 

II A list of refeimoes may be found in MuUiken, * Phys. Rev.,’ vol. 41, p. 761 (1932). 
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Table I — Acetylene 

10*6 V. 12*8 V. 16-0 V. 19‘1 V, 26*4 v. 30'0v, 


V 

4-0 V. 

30 0*496 

40 0*521 

50 0*507 

60 0*497 

70 0*473 

80 0*449 

90 0*436 

100 0*420 

no 0*404 

120 0*389 

130 0*373 

140 0*346 


6*2 T. 8*2 V. 


0*646 0*846 
0*676 0-713 
0*513 0*612 
0*443 0*640 
0*388 0*489 
0*369 0*458 
0*361 0*453 
0*352 0*439 
0*337 0*435 
0*324 0*426 
0*304 0*883 
0*269 0*385 


0*860 

1*26 

0*647 

0-887 

0*662 

0*589 

0*469 

0*436 

0*403 

0*366 

0*371 

0*309 

0*348 

0*286 

0*349 

0*271 

0*843 

0*270 

0*333 

0*266 

0*310 

0*258 

0*273 

0-241 


1-41 1*42 

0*887 0*863 

0*605 0*463 

0*415 0*329 

0*297 0*216 

0*254 0*173 

0*232 0*157 

0*229 0*163 

0*224 0*160 

0*223 0*153 

0*224 0*160 

0*227 0*174 


1*28 

1*16 

0*664 

0*669 

0*839 

0*266 

0*206 

0*163 

0*131 

0*094 

0*106 

0*080 

0*092 

0*070 

0*086 

0 064 

0*086 

0-064 

0*092 

0*073 

0*106 

0*086 

0*119 

0*102 



Table II— Ethylene 

10*6 V, 12*7 V. 14*9 V. 19*0 v. 



30 0*336 
40 0*305 
60 0*293 
60 0*293 
70 0*293 
80 0*288 
90 0*274 
100 0*253 
no 0*236 
120 0*220 
130 0*214 
140 0*161 



30 0*476 

40 0*423 

50 0*346 

60 0*338 

70 0*386 

80 0*309 

90 0*334 

100 0*309 

no 0*278 

120 0-244 

180 0*219 

140 0*196 


6*2 V. 8*5 V. 


0*610 0*610 
0*479 0*466 

0*420 0*386 
0*408 0*350 

0*403 0*317 

0*384 0*291 

0*369 0*280 

0*368 0*285 

0*346 0*286 

0-340 0-282 

0*310 0*260 

0*272 0*238 


6*1 V. 8*3 V, 


0*840 0*950 
0*622 0*707 
0*621 0*609 

0*498 0*456 

0*484 0*418 

0*469 0*386 
0*424 0*363 
0*388 0*324 
0*369 0*311 
0*331 0*298 

0*312 0*299 

0*275 0*202 


0*610 

0*706 

0*408 

0*480 

0*326 

0*363 

0*276 

0*274 

0*231 

0*228 

0*214 

0*206 

0*207 

0*200 

0*216 

0*211 

0*226 

0*226 

0*223 

0*226 

0*221 

0*224 

0*201 

0*221 


1*220 

1*66 

0*733 

0*942 

0*488 

0*604 

0*386 

0*444 

0*341 

0*366 

0-296 

0*309 

0-262 

0*271 

0*248 

0*246 

0*246 

0*236 

0*263 

0*244 

0*248 

0-243 

0*228 

0*234 


0*710 0*594 

0*427 0*317 

0*279 0*191 

0*211 0139 

0*166 0*107 

0*144 0*088 

0*140 0*082 
0*143 0*082 

0*167 0*084 

0*160 0*082 
0*160 0*086 
0*162 0*100 


2*00 2*79 

1*10 1*22 
0*033 0*670 

0*437 0*369 

0*353 0*277 

0*291 0*203 

0*230 0*101 
0*190 0*129 

0*186 0*116 
0*185 0*120 

0*188 0*118 
0*192 0*120 


26*7 V. 

29*8 V. 

0-868 

0*462 

0*232 

0*203 

0*130 

0*117 

0-091 

0-070 

0-064 

0*064 

0*062 

0*030 

0*050 

0-044 

0*046 

0*030 

0*044 

0-040 

0*062 

0*039 

0*062 

0*062 

0*064 

0*053 


2*69 

2*03 

0*976 

0*760 

0*421 

0*300 

0*274 

0*216 

0-201 

0*143 

0*140 

0*103 

0-096 

0*076 

0-082 

0*063 

0-076 

0*069 

0-073 

0*066 

0*074 

0*069 

0*078 

0*061 


Table lII—Ethane 

10*7 V. 12*8 V. 16*0 V. 19*1 V. 26*6 v. 30*0 v. 


40*0 V. 


0*838 
0*344 
0*162 
0*084 
0*061 
0*051 
0 041 
0*041 
0*037 
0*050 
0*066 
0*069 


40*3 V. 


0*262 
0*116 
0*081 
0*045 
0*031 
0*026 
0*021 
0*022 
0*026 
0*029 
0*031 
0 037 


40*6 V. 


1*40 

0*618 

0*157 

0*065 

0*040 

0*036 

0*041 
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electronic structure of molecules. According to the former the building of 
the molecule is considered as a process of overlapping of atomic wave functions, 
Atoms possessing complete outer shells of eight electrons are inert, while 
those atoms with incomplete shells have valence bonds formed by the tendency 
of those wave functions representing orbits lacking electrons to overlap with 
similar ones in neighbouring atoms. For hydrogen this is a U electron, with 
a spherically symmetrical probability distribution. For carbon there are 
three p bonds fonning a mutually perpendicular system, and one a bond, a 
slight rearrangement producing the well-known tetrahedral model. Acetylene 
is represented by two such tetrahedra sharing a common base, ethylene by two 
sharing a common edge, and ethane by two sharing an apex only. According 
to Hund,* single bonds are always of type, double bonds of aV type, and 
triple bonds of oV type, where a bonds are symmetrical about the nuclear 
axis and tt bonds have a distribution proportional to sin 6, 0 being the rotation 
about the axis. Hence we see that ethane is roughly symmetrical about the 
C — C axis, and is dumb-bell-shaped, acetylene is quite symmetrical about the 
C — C axis, the two tt bonds together being symmetrical, and is roughly spheroidal 
or cylindrical, while ethylene is unsymmetrical, the tt bond giving a charge 
distribution projecting out of the plane of the atoms. The molecules are all 
approximately of the same size and have the same ionization potential, f 
hence differences in the electron diffraction curves are most probably due to 
differences in shape, and at low voltages we have seen that there is the steady 
transition expected. When the scattering molecule is not spherically sym- 
metrical, the angular distribution of the scattered electrons depends on the 
orientation of the molecule relative to the direction of the incident electron 
beam, and since the molecule is practically stationary during the time in 
which an electron is in its field, the results obtained are an average over all 
directions of incidence. At the liigher voltages scattering is taking place 
mainly in the unshared atomic orbits, interference occurring between the 
waves scattered from the various centres. It seems reasonable to suppose 
that, with such conditions, the angular distribution of scattering would depend 
very markedly on the molecular orientation, and that averaging over all 
directions of incidence would account for the smoothing out of any diffraction 
maxima and minima. Such arguments may also account for the fact that 
ethylene does not take its place between acetylene and ethane for the higher 

♦ * Z. Kiysik,’ vol. 73, p. 666 (1932). 

t Hughes and Dixon, * Phys. Rev,,* vol. 10, p. 496 (1917). 
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voltages as for the lower. Prom the atomic configuratiou point of view, 
acetylene is cylindrically symmetrical and ethane is roughly so, while ethylene 
is a plane molecule. Averaging might therefore have a more profound effect 
for the latter substance than for the former. The similarity between ethylene 
and methane is not, however, accounted for. It is possibly fortuitous, since 
the sizes and ionization potentials of the molecules are different, as well as the 
symmetries. 

We wish to express our thanks to Lord Rutherford and to Dr. J. Chadwick 
for the interest they have shown in the progress of the work, and to Dr. H. S. W. 
Massey (with whom the experiments were first begun) and Dr. W. G. Penney for 
discussion of some of the points involved. 

Sumntary 

Experiments have been carried out to measure the angular distributions of 
4, 0, 8, 10, 12, 16, 20, 26, 30 and 40 volt electrons scattered elastically in 
acetylene, ethylene, and ethane. The results are discussed in relation to the 
shapes of the molecular field contours and, at the higher voltages, to the 
symmetry of the atomic configurations. 
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Artificial Radioactivity 

By C. D. Ellis, F.R.S., and W. J. Henderson (1851 Exhibitioner) 
(Received June 21 1934) 

§ 1 Iviroduction 

The new phenomenon of induced radioactivity discovered by Curie and 
Joliot* presents many points of exceptional interest. It appears that when 
a-particles collide with aluminium nuclei two different processes may occur. 
A proton may be ejected 

leaving a stable isotope of silicon. This is the process which has been investi- 
gated in great detail, notably by Chadwick and his collaborators. Alternatively 
a neutron may be ejected instead of the proton leaving an isotope of phos- 
phorus 

This element, called radio-phorus by its discoverers, Curie and JoUot,* 
disintegrates with emission of positrons with a period of about 3 minutes 

Similar phenomena occur using boron nitrogen or magnesium instead of 
aluminium. 

In attempting to obtain more information about this phenomenon we have 
studied how the production of radio phosphorus from aluminium depends on 
the energy of the a-particle, and also the relative size of the effects from the 
other elements. In the course of this work we have had many opportunities 
of measuring the periods of the radioactive elements produced, and a discussion 
of our values is given in § 4. We have also investigated the energy of the 
positrons emitted from radio-phosphorus using both an absorption method 
and magnetic analysis. 

The apparatus we used was of the simplest kind. Our source of a-particles 
was either Ea(B + C) deposited on a brass disc, or radon contained in a glass 
tube with walls sufficiently thin to allow the a-particles to escape. The 
positrons from the activated matter were detected by a Geiger-Miiller counter. 

* ‘ J. Phys. Rad.,’ vol, 4, p. 153 (1934). 
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§ 2 Production of Radio-phosphorus by (x-partiGles of Different Energies 

In these experiments we used as sources small metal discs coated with either 
Ba(B + C) or Th(B + C) and the aluminium to be activated, which was also 
in the form of a disc, was placed within a few millimetres of the radioactive 
material. To prevent contamination the radioactive somce was hermetically 
sealed in a small container, the a-particles issuing through a window covered 
with thin mica. Additional mica sheets could be inserted to observe the 
efiects of a*particles of difEerent energies. The procedure was to expose the 
aluminium discs to the a-rays for 10 minutes, then to remove them and place 
them in a standard position in front of the counter. Counting was started 
30 seconds after removal, and continued for 8 minutes, the total emmt in this 
time being noted. It is the average of such total counts which are shown in 
Table I under the heading of relative yield. 



Table 1 


I 

11 

HI 

Energy of a-partiole 

Helativo yield of 

Alwolut© yield 

volts X I0“* £ 

HidiO'phoBphonw 

9(E) X 10» 

8*25 

4140 

0'4 

7-61 

3040 

4-7 

7 06 

1290 

20 

6-66 

734 

M 

6-33 

464 

0-7 

5-49 

m 

0-13 

4-81 

ir> 

0-02 

4-20 

0 

0 


Under our conditions of solid angles for activation and measurement we 
obtained a total count in 8 minutes of 22 particles per milligram activity of 
the source for a-particles of the m axim um energy shown in the above table. 

The rapid increase of the yield as the energy of the a-particle increases is 
similar to that observed in other cases of artificial disintegration and is mainly 
determined by the probability of the a-particle penetrating the potential 
barrier surrounding the nucleus. 

A more generally useful way of presenting these results is to evaluate the 
probability g(E) that an a-particle of energy E will at some portion of its 
range form a radio-phosphorus atom. This quantity, the absolute yield, is 
shown in column III of Table I and was obtained from the results in column II 
by taking into account the period of radio-phosphorus, the duration of the 
periods of activation and measurement, and the solid azigles involved. 
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As an example we may consider the result of exposing a piece of aluminium 
for a long time to the action of a source emitting n a-particles per second. Then 
if P denote the equilibrium number of radio-phosphorus atoms fonned, and X 
the disintegration constant of this body 

PX = g(E) . n. 

The initial activity of the radio-phosphorus source is PX. If for n we write 
the number of a-partioles emitted'per second per millicurie 3-7 X 10’, it can 



Energy of «.partioles in million volts 
Pig. 1 

be seen that initial activities (solid angle 4n) of 4 to 20 positrons per second 
can be obtained from activation by 1 millicurie of a radioactive substance. 

While the excitation curve shown in fig. 1 is not very accurate it is sufficiently 
dependable to justify a further analysis to determine the excitation probability 
Q(E). This has the meaning that Q(E}dE is the probability that an «-partiole 
will form a radio-phosphorus atom during its passage through that anoount 
of aluminium which causes its energy to change from E to E — dE. The 
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excitation probability determined by differentiation of the curve in fig* 1 is 
shown graphically in fig. 2. 

The significant feature of this cnirve is the flattening which starts at an energy 
of about 8 X 10® volts. We should hesitate to lay much weight on the exact 
details of this curve, but we feel convinced that at least a pronounced decrease 
in the rate of rise of the excitation probability Q(E) must commence about 
here. Detailed information about the potential barrier of the aluminium 
nucleus has been obtained from observations on the protons emitted under 
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Qt^particle bombardment. As is well known these experiments have shown the 
existence of a number of resonance levels and also that the top of the potential 
barrier is about 8 X 10® volts* Our experimental conditions were not definite 
enough, nor the changes in the energy of the a-particle sufficiently small to 
have any chance of detecting individual resonance levels, but the flattening of 
the excitation curve at 8*0 x 10® volts is in agreement with the top of the 
potential barrier having this energy. 

It is interesting to form some estimate of the relative probabilities of proton 
to neutron emission (leading to the formation of radio-phosphorus), but only 

VOL. P 
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rough data are available. The absolute yield of protons from the complete 
absorption of one a-particle of 7 * 6 X 10® volts energy is about 10”^, and 
contrasting this with the figure 5 X 10“'^ for neutrons we find proton emission 
is twenty times more probable. 

The figures for the excitation probability for neutron disintegration given 
in Table II lead, in the case of an a-particle of 8 X 10® volts energy, to an 
effective cross-section of aboiit lO""^ cm®, whereas the top of the potential 
barrier of aluminium presents a cross-section of about 6 x 10“®® cm®. We can 
see that if an a-particle hits an aluminium nucleus with enougli energy just to 
pass over the top of the barrier it has a chance of the order of 1 in 60 of ejecting 
a neutron. It seems probable, and it would fit in with these rough estimates, 
that the corresponding probability of proton ejection is of the order of unity. 


§ 3 Relative Magnitudes of the Effects from Boron, Aluminium, and 

Magnesium 

The corresponding effects in boron, nitrogen, and magnesium are believed to 
be 

N/® — ► 4* e*** lladio-nitrogen. 

Mgi2®^ + Heg® ~ Sii4®’7 + 

gj^^ai — ► Al^a®*^ + e+ Radio-silicon. 

According to Curie and Joliot (loc. dL) there is also a radioactive body formed 
from magnesium which emits negative electrons. They suggest that in this 
case the reaction is 

A1j 3®^ — ► Sii 4 ®® 4 e“ Radio-aluminium. 

We have not separated these two effects and in what follows the yield from 
magnesium refers to the sum of the positrons and electrons and for convenience 
will be referred to as originating from radio-silicon. 

W(i can best compare the efficiencies with which these radio-elements are 
formed by finding the total number of active atoms formed, by a very long 
exposure to a constant source of a-rays. The experiments were carried out 
in the same way as for aluminium except that radio-nitrogen with a period of 
14 minutes needed a longer exposure. In each experiment the time of exposure 
was noted to permit of correction to infinitely long exposure, and the positrons 
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were counted over a period of at least two or three times the half life, and this 
number corrected to give the total number which would be observed in an 
infinitely long count. 

We shall first consider the results found by comparing the formation of radio- 
nitrogen, radio-phosphorus, and radio-silicon from boron, aluminium, and 
magnesium respectively using in each case the complete absorption of 
a-particles of energy 7 x 10^ volts. If as before we denote by q the chance of 
such an a-particle producing an active atom at some point in its path, and by 
P the total number of such atoms formed in a long exposure to a (lonstant 
source of n a-particles per unit time, then PX “ 5 (n. 

In the next table under the heading total yield are shown relative values of 
tile quantity P, and from this values for the initial activity PX were obtained 
by multiplying by tlie appropriate decjay constant. These figures giv(^ relative 
values for the efficiency of production. Assunimg that the effective isotope 
of boron is :: 1 : 4] wo obtain the values under the heading “ q 

corrected.’' We have not corrected the value for magnesium since we did not 
separate the positron from the ^-disintegration. 

Table 11 — Formation of radio-nitrogen, radio-phosphorus, and radio-silicon by 
a-particles of energy 7 X 10® volts 

Holativo values Radio- nitrogen Radio-phosphorus Radio-silieon 

from boron from aluminium from magnesium 

Total yield, P 19 34 {i-2 

Effioienoy of production, q 1*0 7-3 2 0 

^ (corrected) f>*0 7-3 — 

When examining the yield from boron the decay curve was found to consist 
of two distinct portions of 1*1 minute half period and 14 minutes half period 
respectively. The effect with a 1 • 1 minute period was found to occur with a 
variety of substances including copper and platiimm with well-cleaned surfaces. 
The effect must be due to some common contamination on all surfaces such as 
occluded gas and is undoubtedly the radio-ftuorine reported by Wertenstein* 
as formed from nitrogen. Using a source consisting of a thick layer of amor- 
phous boron held by celluloid paint to a metal disc the initial intensity from 
activated nitrogen and activated boron were about equal and corrections had 
to be applied to calculate the boron yield. Corrections have also been made 
for this effect in calculating the boron yield, but not for aluminium since here 
the relative magnitudes of the effect rendered it unnecessary. 


p 2 


* ‘ Nature,’ voL 133, p. 5G4 (1934). 
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§ 4 Periods of Decay 

We found it a matter of some difficulty to obtain accurate values for the 
half periods of these radioactive bodies owing to the statistical fluctuations. 
We counted 12,000 particles from radio-phosphorus using a succession of 
sources and extending the measurements over 0 to 8 minutes in each case. 

Even with this number of particles we are not able to give a closer value 
than 3*2 rb minutes. At one time we thought we had detected a depend- 
ence of the period on the energy of the activating a-particle, but subsequently 
we concluded that if such an effect does exist it must be of the same order as 
the variation due to statistical fluctuations. 

Our values for the periods of the other bodies are ; — 


Radio-nitrogen (from boron) 14^1 minute 

Radio-fluorine (from nitrogen) 1 * 1 ri: 01 • minute 

Radio-silicon and radio-aluminium (from 
magnesium) 2 • 1 ri: 0 * 2 minute. 


The limits of error assigned to these values may seem large, but we have 
looked into the question carefully and found that the statistical fluctuations 
do, in fact, have a larger effect on the period than might at first be anticipated. 
The values given here agree within the assigned limits of error with those of 
Curie and Joliot {he. cit.). 


. § 6 Recoil 

The nuclear reaction proposed by Curie and Joliot for the activation of 
aluminium is that the a-particle penetrates the aluminium nucleus, a neutron 
is at once emitted and thus a radio-phosphorus atom is formed. Knowing the 
energy of the a-particle, and the energy released during the reaction the energy 
of the recoil phosphorus atom can be calculated from the equations expressing 
the conservation of energy and momentum. It is known that 2*07 X 10* 
volts are released in the reaction Al^g®^ -f- He^^ — ► Sii 4 ^ -f and taking the 
value given in § 6 for the upper limit of the continuous spectrum of positrons 
as the energy released in the reaction it follows that there 

must be 0 * 78 X 10* volts absorbed in the reaction — ► 

Hence, using 7x10® volt a-particles the maximum energy of the recoil 
P,,** atom in the forward direction is 1*76 x 10* volts corresponding to 
a range of about 3*6 mm in air at N.T.P. It is also found that all the recoil 
radio-phosphorus atoms are knocked forward within an angle of 26° with the 
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direction of the a-particle. From this it would seem quite an easy matter to 
collect the recoil radio-phosphorus atoms. A thin piece of aluminium of 
about 1 mg/cm* was bombarded with a-rays, and about 2 mm from the opposite 
side was placed a collecting disc of copper or silver. After a 10-minute exposure 
the disc was found to be active with a period slightly less than radio phosphorus. 
When gold was substituted for the aluminium the activity on the disc was 
greatly reduced and had the period of radio-fluorine which, as mentioned above, 
is common to all metal surfaces. That the period of the activity collected 
from aluminium was leas than that of radio-phosphorus is explained by the 
fact that the a-rays are penetrating the aluminium and producing radio- 
fluorine from the nitrogen occluded on the metal discs. The two effects 
could not be clearly separated owing to the small intensity. The number of 
radio-phosphorus atoms collected was slightly increased by making the 
collecting disc negative with respect to the aluminium. Wertenstein (ioc. 
cit.) has also reported briefly that he has detected the recoil. 

§ 6 The Energy of the Positrom Emitted hy Eadio-phosphorus 

It is obvious that information on the energy of emission of the positrons 
in these new types of disintegration will be important in obtaining a clearer 
understanding of the phenomenon, but unfortunately it is not easy to make 
accurate measurements owing to the relatively small magnitudes of the effects. 

We first carried out experiments by a simple absorption method, placing the 
activated aluminium (source of radio-phosphorus) about 15 mm from the 
counter and interposing absorbing sheets of aluminium and copper. The 
absorption curves so obtained are shown in fig. 3 and for comparison absorption 
curves of the ^-particles from Th(C -4~ C") and ThC" taken under identical 
conditions are included in the figure. The p-particles from these two sources 
form continuous spectra with upper limits at 2*25 x 10® volts and 1*79 X 10® 
volts respectively.* 

The most significant difference between the curves is the initial flat portion 
of the positron curves. While 0*1 gm/cm® of aluminium absorbs at the most 
10% of the positrons it reduces the p-rays of ThC to 45%. This can only 
mean that there are relatively fewer slow particles in the positron spectrum 
than in the p-ray spectrum. It appears that there are very few, if any, positrons 
from radio-phosphorus with a range less than 0*05 gm/cm® which corresponds 
to about 1700 Hp or 0*2 -f 10® volts. 

♦ Henderson, ‘ Proc. Boy, Soc.,* A (ia the press). 
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The absorption curve of the positrons in aluminium has been extended to 
greater thicknesses until all the positrons were absorbed. At 1 *3 gm/cm* the 
intensity has been reduced to between 3% and 4% and from here on the curve 
becomes nearly flat. The residual intensity through 1 • 3 gm/cm* is presumably 
at least partly due to radiation produced by the annihilation of a positron and 
electron. 

The range, as with the p-rays is not a very definite quantity, but a point on 
the absorption curve can be chosen where nearly all positrons have been 



Fig. 3—1, Radio-phosphorus, positrons absorbed in AJ ; II radio-phosphorus, positrons 
absorbed in Cu ; III, thorium C, ^-rays, positrons absorbed in A1 ; IV, thorium 0, 
|3-rays, positrons absorbed in Cu. 

absorbed and from this a value can be found for the energy of the fastest posi- 
trons in the beam. Taking 1 • 25 gm/cm* as the range, and assuming the energy- 
range relation is the same as for the p-rays, we find as an upper limit 2-74 X lO* 
volts from the known data concerning ranges and upper energy limits of the 
p-ray spectra, and some new measurements by one of us* on the upper energy 
limits ThC and ThC'\ 

An interesting and important point is to see whether the positrons form a 
continuous energy spectrum as occurs for p-rajrs. While the absorption 
curve is compatible with such a distribution the conditions of experiment and 
also the method itself are not suitable for settling such a question. We 


♦ Hendeiwm, he, cU. 
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therefore endeavoured to analyse the spectrum by the usual semi-circular 
magnetic focussing method. Accurate measurements were impossible owing 
to the small intensities available, and the shortness of the period also intro- 
duced difficulties, but we have been able to show that the positrons are dis- 
tributed in a continuous spectrum extending from Hp 11,000 to below Hp 2500. 
We could not follow the spectrum to lower speeds owing to the presence of 
absorbing foils through wliich the positrons had to pass. The value obtained 
for the upper energy limit is Hp 11,100 or 2 -85 X 10® volts which agrees fairly 
well with that obtained from the range measurements. This point is of some 
importance since it indicates that the relation between range and energy is 
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very similar to that for p-rays. The distribution curve against energy is 
shown in fig. 4, the dotted portion being sketched in to end at 200,000 volts 
as suggested by the absorption measurements.^ 

The two significant featiures which we can discuss at present are the upper 
and lower energy limits. The upper energy limit is no doubt analogous to that 
found for p*rays, and is associated with the total energy of disintegration. 
We therefore see that the energy difierence between and Sii 4 ®® is 2 • 86 X 10® 
volts plus any y-ray energy that may be emitted corresponding to the mode 

♦ Meitner (* Naturwiae,,* voi«. 22/24, p. 388 (1934) ) has recently described the results 
of experiments on the formation and disintegration of radio-phosphorus. There appears 
to be some divergence between her results and onra in that she finds a smaller upper limit 
for the energy of the positrons— 2 X 10* volts and further her data may suggest a higher 
yield for the formation of radio-phosphorus than we have reported. 
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of diftintegratiou givmg this end point. We have at present no information on 
this question. 

The lower limit is one feature in which the positron differs from the p-ray 
disintegration, but while it is clearly connected with the sign of the charge of 
the emitted particle and possibly its reaction with the Coulomb field, a detailed 
interpretation scarcely seems possible at present. Fermi*** has proposed a 
theory of these types of disintegration according to which a proton in the 
nucleus transforms into a neutron with emission of a positron and neutrino. 
The simplest interpretation of the lower limit would be that this energy repre- 
i^nts the potential energy of the positron at the point where it is produced, 
but it hardly seems likely that the Fermi field can extend out to a point where 
the potential is only 200,000 volts. It seems more probable that the process 
is analogous to a-ray decay, the positron being produced inside the nucleus 
with an energy that varies according to the fraction going to the neutrino. 
One of the factors tending to make the curve fall off sharply at lower energies 
will then be the increasing difficulty of penetrating the potential barrier. 
This point of view would suggest that there should, in fact, be no definite lower 
limit but merely a marked concavity of the curve corresponding to an ex- 
ponential factor. 

We are very grateful to Dr. Peierls for informing ua that Wickf has 
applied Fermi's theory to positron disintegration and finds, with the simple type 
of Fermi field assumed up to the present, that the distribution curve would 
continue to zero energy and there should be no apparent lower limit. 
Dr. Peierls suggests that the most obvious way of accounting for the form of 
the curve we find would be to assume a different type of Fermi field. 

A feature of the distribution curve against energy of which we feel fairly 
certain is that it is asymmetrical ; that is, that the average energy is less than 
half the maximum energy. This is the same behaviour as is found with p-ray 
disintegrations, and hence it would appear that the effect of the Coulomb 
field on the distribution is not serious. With greater certainty than before 
we may therefore apply Perrin's argument, and conclude from this asymmetry 
that the mass of the neutrino is considerably less than that of the electron. 

* ‘ Z. Physik/ vol. 88, p. 161 (1984). 

t * * Rend. Acad. Lincei.,* voJ. 19, p. 319 (1934). 
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Nuclear Spin of Radioactive Elements, 

By 6. Gamow, 

(Communicated by Lord Rutherford, O.M., F.R.S.— Received March 20, 1934.) 

There aeeins at present to be rather definite evidence that the rate of radio- 
active disintegration, and excitation of the product-nucleus usually connected 
with it, is largely affected by the values of nuclear angular momenta. 

It was shown by the authorf that the existence of intense components of 
a-ray-fine-stnicture indicates that the disintegrating-, and the product-nuclei 
possess different spins. The angular momenta received in this case by 
a-particles of the imrraal group (transitions between normal states of both 
nuclei) will reduce its probability of escape in favour of other groups corre- 
sponding to the formation of the excited product. 

From this point of view we have to accept the change of nuclear spins in 
normal disintegration of radioactive C-products (TliCC" ; RaCC" ; AoCO") 
and also of most members of the actinium-family. Unfortunately the existing 
formula for decrease of probability does not take into account all the factors 
influenced by angular momenta of a-particle (only the effect due to increase 
of potential barrier can be simply evaluated) and therefore the values of spin- 
differences caimot be exactly estimated. 

The role of nuclear spin in the process of p-integration was recently indicated 
by FermiJ in his theory of p-decay. According to this theory the decay 
constant X for p-disintegrating bodies depends on the factor : 

I l®> ^ (1) 

where u„ and are the eigenfunctions of nuclear neutron and resultant proton. 
We may notice, however, that this result is not necessarily connected with the 
special form of Fermi’s theory, and will hold for practically every theory 
treating the ^-decay as the transformation of a nuclear neutron into a proton. 

The factor (1) must be of the order of magnitude unity if the initial and 
resultant nuclei possess the same spin (periiiittod transitions) : 

i = (2) 

t ‘Nature, ’ vol, 129, p. 470 (1982) j vol. 131, p. 618 (1933) ; Garaow and Roeenblum, 
• 0. R. Aoad. Sol. Paris,' vol. 197, p. 1620 (1933). 

i • Rio. Soi.,’ vol. 2, No. 12 (1933) ; ‘ Z. Physik,’ vol. 88, p. 161 (1934). 
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and be reduced to the value 

/ radius of the nucleus _ / 1 
\ wave-length of ^-particle/ \100/ 

if this condition is not fulfilled (non-permitted transitions) : 

i ^ i'. (2') 

This explains the result found by Sargentf that plotting the logarithms of 
decay constants against the logarithms of maximum energy of ^-particles we 
get the experimental points distributed between two different curves. We 
must say that the p-spectra belonging to the class I (RaD, UXj, ThB, AcB, 
RaB, AcC'\ ThC'', UXj) correspond to i -= i' while those of the class II (BaE, 
MThg, ThC, RaC) to i ^ i' (most probably i ± 1 ). One would also 
expect the shape of continuous p-spectra to be different for permitted and 
non-permitted transitions, although the present experimental evidence is 
not sufficient to prove that. 

Remembering that the product-nucleus can be formed in different excited 
states, with the energy-excess not greater than the total energy-difference 
between the two nuclei, we must consider the following possibility. The 
normal state of the product nucleus possesses a spin different from that of the 
original one 5^ but one of its excited states has the same value of spin 
(i^ = In such cases we must expect that the observed p-spectra will 
correspond to a permitted transition leading to the formation of an excited 
nucleus and consequently will be accompanied by a strong y-lin® with absolute 
intensity unity (or by several less strong Y'bnes, if different radiative 
transitions from this completely excited level are equally possible). This has 
actually been observed by Ellis and MottJ, for several ^-disintegrating bodies 
(for example, for ThBC and ThC"D), The fact that there are no p-trans* 
formations belonging to the non-permitted class and at the same time possess- 
ing y-lines of absolute intensity unity speaks in favour of the exclusion rules 
(2) and (2'). 

We shall now apply these considerations to the forking regions of three 
known radioactive families for which the experimental evidence is rather 
complete. 

In fig. 1 is given the scheme of radioactive decay from ThA to ThD (lead). 
From the absence of intense fine structure in the a-disintegration-row leading 

t ‘ Proo. Roy. Soc.,’ A, vol. 139, p. 669 (1938). 
j * Proo. Boy. Soo.,’ A, vol. 139, p, 369 (1933). 
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to the formation of ThB, we conclude that all these nuclei (including ThB) 
possess the same value of spin, and one can hardly doubt that this value is 
zero (t'o (ThB) = 0). Now ThB emits a continuous p-spectrum belonging to 
the class I and possesses a quadrupole y-line, y — 0*24 X 10* e.v., with absolute 
intensity unity.f Thus we must say that observed p-spectra (with 
Enua ~ 0'36 X 10® e.v.) represents the permitted transformation of the ThB- 
nucleus into the excited state of the ThC-nucleus, and that this later state 



possesses the spin (ThC) = 0. The spin of the normal state of ThC must 
be consequently t'o (ThC) = 2 as the value 0 would permit the p-transformation 
between the normal state and the value 1 is excluded by the quadrupole 
character of the y-ray, 0-24 x 10* e.v. 

The second p-transformation leads fifom ThC to ThC*. The absence of 
the fine-structure of «-rays from ThC' shows that the normal state <rf this 
nucleus possesses the same spin as the normal state of ThD. But from spectro- 
f ‘ Proo. Boy. Soo./ A, vol. 130 p. 630 (1933). 
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scopio evidence it seems very plausible that ThD = Pb possesses no spin. 
Thus : io (ThC') — 0 and the normal p-transformation ThCC' must be not- 
permitted in agreement with the fact that the observed p-spectra of ThC belongs 
to the class II. The two levels 0*71 X 10® e.v. and 1-79 X 10* e.v. estimated 
from ThC' long-range a-groups, correspond respectively to the permitted and 
not-permitted p-transformations. Thus the corresponding spins are = 2 
and ii ^ 2. There seems to exist in the Y-a|)ectra of ThC' a weak line corres- 
ponding to a radiative transition from the level 1'79 x 10* e.v. to the funda- 
mental one,j' and we must assume that this line has quadrupole character. 

Turning our attention to ThC" nucleus, we can compare it with ThC and 
Thl). The presence of strong fine-structure of a-rays from ThC shows that 
io (ThC") is in any case difierent from 2. Comparing ThC" with ThD, we see 
that the normal p-transition is not-permitted, and consequently (ThC") ^ 0. 
The observed p-spectra of ThC" belongs to the class I and leads to the 
totally excited state of the ThD nucleus, for which (ThC") — (ThD). 
The totally excited state of TliD corresponds to an energy-excess of 3 • 20 X 10* 
e.v. and gives rise to two successive lines ; quadrupole line = 2*62 x 
10* e.v. and dipole line yg — O’SS x 10* e.v., both having the absolute 
intensity unity. This gives to the level 0*58 x 10* e.v. the spin 1 and to the 
upper level 3*20 x 10® e.v. the spin 1 or 3, These values are hardly possible 
as it would be difficult to account for the observed fine structure of ThC 
a-rays if the spin-difference between corresponding normal states is only unity, 

We want, therefore, to indicate the other possbility for the level scheme of 
ThD nucleus. From the upper limit energy-balance for the forking 


ThC 


ThC' 

ThC" 


ThD 


we obtain for the energy of totally excited state of ThD 2-20-f8*95-^6’20 — 
l‘82r:r. 3*13 x 10* c.v., which is more nearly represented by the sum of 
Yi = 2*62 X 10® e.v, and the other y-line y^ = 0*51 x 10* ev., corresponding 
to the quadrupole-transition and having the absolute intensity 0*3. If we 
accept the y-line 0*51 x 10® e.v. instead of 0-58 x 10* e.v. we must give to the 
first level (0*51) the spin 2 and to the top-level (3*13) the spins 0 or 4. As the 
value 0 is excluded (otherwise the normal p-transformation ThC"D would be 
permitted), we must accept for the upper level of ThD and, consequently for 
the normal state of ThC", the spin 4, as is indicated in our diagram. This 
would give the spin-difference Ato = 4 - 2 == 2 to the normal a-group of ThC. 
t Skobebyn, ‘ C. K. Ac»d. 8oi. Paris/ vol. 194, p, 1486 (1932). 
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Ae, on the other hand, the group aj seems to possess the same Ai as we 
must accept for the excited state 0'48 of ThC" nucleus also the value — 4. 
This fits with the fact that the y-transition from this level to a fundamental one 
has quadrupole character. The levels 0 • 04 and 0*33, connected with 0 • 00 and 
0*48 by quadrupole Y-transitions, may have i = 2 or t == 4 ; we choose i = 2, 
as the corresponding fine-structure a-components are relatively strong. The 
evidence about the level 0^50 is indecisive as the only known y-transition can 
be a quadrupole as well as a dipole one ; the extremely high intensity of corres- 
ponding a 4 “group is also surprising. J 

It must, however, be noticed that the selection-rule for quadrupole tran- 
sitions used in the article of EUis and Mott is correct only for a model of a single 
radiating particle in a central field, and is not necessarily applicabk to real 
nuclei consisting of a great number of particles. The possibility is not excluded 
(although not necessarily required) that for real nuclei the transitions At = ± 1 
(except 0 1) may be permitted in quadrupole radiation. 

The evidence concerning the two other radioactive families is less complete, 
and we shall mention only the main points. As the |3-spectrum of RaB belongs 
to the class 1 and also some intense y-lines are present we must either regard 
this case as analogous to ThB, and accept the value tp (RaC) 0 or suppose 
that the normal and also one or several of the excited states of RaC nucleus 
possess the spins zero (Vq (RaC) == 0). The second possibility is, however, 
excluded as RaC' possesses a transition from the level 1-414 to the funda- 
mental one which is, as well known, not permitted in radiation. This means 
that the fundamental state of RaC' nucleus (and also excited state 1-414) 
possesses the spin zero and consequently, as RaC j3-spectra belongs to the 
class II, ip (RaC) 0. 

The existence of fine structure of RaC a-rays give us also ip (RaC) 5 *^ ip (RaC"). 
The upper limit of the RaC" (3-spectrum is not measured but can be estimated 
from upper-limit energy balance and belongs to the class IL Thus 

t Gamow and Bosenblum, /oc. ci’/. 

I addiid in proofs May 23, 1934, — The detailed investigation of the relative 
intensities of difierent components of ^-spectra has shown that it is difficult to account 
for the observed intensity of the normal p-group of ThC aooepting the spin-difference 

(ThC) - tQ (ThC") to be equal to 2 units ; itseeme necessary to accept for it the value 1. 
As the value for (ThO) « 2 seems to be rather definite we must accept for (ThD) 
the value I and explain the absence of hyperfine structure in the optical spectra of lead 
by the vanishing of the corresponding Land6-factor. This will change our arguments con- 
cerning this part of the diagram and the spins of the normal and two excited states of 
ThD-nuoleus will now be ; 1 ; 2; 4 (accepting the level 0*58) or 1 ; 1 ; 3 (aooepting the 
level 0^61). The first hypothesis seems now to be more probable,] 
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to (RaC") ^ io (RsD), For RaD we probably have a situation analogous to 
RaB, and for the RaEF transformation we get ^ (RaE) ^ to (RaF). 

The actinium-family is rather analogous to that of thorium and radium with 
the difEerence, however, that both the AcCC' and AcC"D ^-transformations 
(upper limit of AcC ^-spectra being again estimated from energy-balanoef) 
seems here to belong to permitted transitions. One must, however, be very 
careful with the upper limits of p-spectra estimated in the above way. 

In speaking about the energy-distribution in continuous p-spectra we must 
conclude that p-spectra of ThB and ThC" must be simple. On the other hand 
the spectra of ThC must be constructed from different p-components corre- 
sponding to the excitation of different ThC' levels ; the same kind of com- 
plexity we must also ascribe to continuous p-spectra of RaC leading to strongly 
excited RaC' nucleus. Ellis and MottJ tried to construct these complex spectra 
from different components with relative intensities defined by the percentage 
of excitation of corresponding levels of C'-products. Their constructions, 
however, may not be quite correct, as they assumed that all p-oomponents have 
the same shape as the second class spectra of RaE, when it seems that some of 
these components belong to first class transitions (ThC" component in the 
mixture ThC-ThC" and the slowest components of ThC and RaC spectra) and, 
consequently, may have different shape. 

The author is very glad to express his thanks to Professor N. Bohr for the 
kind interest and helpful discussion of this paper. 


t Beck, * Nature,’ vol. 132, p, 967 (1938). 

X ‘ Proc. Roy. Soo.,* A, vol. 141, p, 602 (1933). 
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The Theory of the Stability of the Benzene Ring and Related 

Compounds 

By W. G. Penney, 1851 Senior Exhibitioner, Trinity College, Cambridge 

(Communicated by J, E. Leonard- Jones, F.R,8. — Received March 20, 1934) 

IniToduciion 

There are two fairly distinct problems involved in a treatment of the 
stability of the benzene ring. The first is to explain why of all the single- 
ring structures C^H^, that of benzene (n = 6) is by far the most stable.*** The 
second is to examine the different models proposed by the chemists for the 
benzene ring in the light of quantum mechanics and to show in fact that they 
are all represented with varying probabilities in the complete model. Attempts 
have been made at both problems, but only the second has been worked out 
satisfactorily. In the present paper we attempt a more accurate solution 
than has hitherto been given of the first problem. Before commencing this 
it is necessary to give a description of previous work, since otherwise it is very 
difficult to see what is already certain and what remains to be done. 

In a series of papers Hiickelf has discussed at great length both of the 
problems mentioned above, not only for the simple benzene ring, but also for 
many of its substitution products. He evaluates the energy of the plane 
ring compound in two ways, one of which virtually amounts to the method of 
generalized electron pairs and the other to that of molecular orbitals. The 
chief weakness in his theory is that he considers only what he calls the 
electrons, viz., the n 2p-eloctron8 whose wave functions are odd for reflection 
in the plane of the ring. As wo shall show, the three remaining bonding elec- 
trons on each carbon nucleus have a most important influence on the best 
value of n. Nevertheless, Hiickel’s work is quite satisfactory as regards the 
resonance between the electrons. 

Pauling and his co-workersj have extended and greatly simplified the work 
of Hflckel on the p^ electrons, and have successfully applied their methods to 
molecules even more complicated than benzene, which, however, are built 

* We use the word stable in the mechanioaJ sense of minimum energy rather than in the 
chemical sense. 

t * 3. Physik/ voJ. 70, p. 204 (1031) ; vol. 72, p. 310 (1931) ; vol. 70, p. 628 (1932). 

X Pauling, ‘ J. Chem. Phys.,’ vol. I, p. 280 (1933) ; Pauling and Wheland, ibid,t vol, 1, 
p. 362 (1933) ; Pauling and Sherman, ibid., vol. 1, p. 679 (1933). 



224 


Wi G. Penney 

up from hexagonal rings of carbon atoms. They explain in greater detail 
than did Hiickel, that with benzene, for example, it is not permissible to assume 
that the six electrons can be separated into throe electron pairs. The 
coupling can be done in several ways and the proper wave function to take is a 
linear combination of those of the various models, each with its three electron 
pairs. Then, in the usual way, the probability of occurrence of any particular 
arrangement is simply the square of the coefficient associated with it in the 
complete wave function. Another way of expressing the same idea is to say 
that the total spin S and the individual spins s, (i = 1, 2, ..., 6) are good 
quantum numbers,* but that the resultants of any two of the spins are not. 
All previous work assumes, just as we shall do, that the ring (CH)n a 
plane one, with the C atoms forming a regular polygon, and the H atoms a 
similar but larger polygon located symmetrically around the carbon atoms. 
Whether this arrangement has less energy than, for example, n/2 separate 
acetylene molecules is too difficult a question to be answered at present. All 
that wo obtain from our theory is that n = 6 is the most stable plane ring, 
and that the various bonds are just about as strong as they could possibly be 
in any hydrocarbon built up out of CH. 


The Resonance of the Elexirom 

Wc give now the energies W„ (p^) for the interaction of the n p^ electrons 
in the single plane ring C„H„. Our purpose in displaying these formulte 
is simply to demonstrate that the resonance between the p^ electrons does not 
decide that the most stable ring is n = 6. Clearly, the stability is determined 
not by Wrt (p^) but by W„ (p^l/n, a quantity which, for the sake of brevity, 
we denote by W„. It is found that 


= 0-248 J, 


^ 0-500 J, 
== — 0*433 J, 


“ 0*413 J. 


( 1 ) 


The values to Wq are taken from the papers of Hiickel and Pauling, and 
Wg has been calculated by the author using the method developed by Pauling. 
The quantity J is a certain exchange integral defined in a later section as 
Thc sigH of J is positi ve but its magnitude is a little uncertain. Accord- 


* When a dynamical variable of a system is nearly or absolutely constant, either in 
oonaequenoe of general dynamical principles or as a result of some symmetry of the system, 
the quatunm number relating to this variable is, in MuHiken’s terminology, a good 
quantum number.” 



the ^ Smimte 2ltS 

u^;toF«l#lkg»adWh«^itBd* Jsl'60T.e. f«abeiueii0. The pmwat agtiunc,! 
howevet, has shown Idiat in ethylene J most be taken about 0*7 T.e. in oidur 
to account for the observed twisting fieqnency. As it happeu, the eza(A 
value of J is unimportant for our ^»eent purpose, and where numeoncal 
values are required J = 1 v.e. does very well. 

Perhaps it will not be out of place here to say a few wolds about the deter- 
mination of Wf. There are 14 canonical structures (t.e., independent sin|^ 
states) for the eight electron problem of the plane ting C^, but on account 
of the great symmetry of the ring the secular determinant factorizee con- 
siderably. Actually, one is left with a cubic equation to solve. One can see 
that this must be so in the following way. In the ground state, the two 
Kekul4 structures must occur with equal weight, similarly the eight sin^y 
excited structures and similarly the four doubly excited structures. There axe 
therefore only three parameters, and their elimination must lead to a cubic 
equation. The energy of either Kekul4 structure is — 2J ; the resonance 
between them gives — 8J/3 for the lower level. The resonance of this level 
with the eight singly excited structures, reduces the ground state to ~ 3*290J. 
Finally, putting in the four doubly excited structures lowers the energy to 
— 3* 3022 J, corresponding to a value «>, — 0‘413J as given above. 

Two features stand out clearly in the set of equations (1). Firstiy, for n 
odd and not too large, is small. This would be expected since in this case 
there is an unbalanced spin, the influence of which on to, becomes less and 
less as n increases. Secondly, if only the p, electrons are taken into account, 
the ring n == 4 is probably the most stable of all the rings for which n is even, 
and is at any rate more stable than those for which n »= 6 or n => 8. One 
might have expected n — 4 to be the most stable ring from the following 
considerations. Saoh ring has only two £ekui4 structures and most of the p, 
resonance energy comes from the interaction of these two. The stability is 
determined by the quotient of the resonanoe energy with n, and the fact that 
the ring n « 4 has the minimum possible value of n (n even) would give this 
ring as the most stable. It is true that as n increases the number of excited 
states increases rapidly, and the resonanoe of these with the two Kekul4 
struotures lowers the energy of the ground state oousidetably, but not 
sufficiently rapidly to keep pace with », and so the stability does frU as 
ninoEsassB. 

^Pauling, ‘ J. CSiem. Phys..’ vol. 1. p. 280 (18S8): Paeihic and Whcjand, iM„ 
V(A li P> MS (IfSS) i Pauling and Shaman, itid., vol. 1, pu 079 <1998). 

t Penney, ' Ploo. Phys. See. Lend.,’ vd. 48, p. 888 (IMM). 

VOX.. azi.vi.->A. 
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Tlw change in stability as n passes hom six to eight is quite nnal4 and 
oaonot aooount for the experimental fact that these two tings have very 
different chemical properties. It thus appears necessary to appeal to the 
bonds in the plane of the ring for an explanation of this phenomenon and for 
the non-existence of the ring n = 4. 

The Bonds in the Plane of the Bing 

Expression for the Energy — Naturally, it is impossible to get an exact solution 
for the energy of the ring CnH„, and some method of approximataon must be 
adopted. The most promising line of attadr seems to be that of electron pairs. 
We have seen already that this method is not at once applicable to the p^ 
electrons because of the various ways of arranging the p^ bonds. However, 
when we confine om attention to the three remaining bonds on each carbon 
nucleus it is fairly certain that the approximation of localized bonds is a good 
one, because there is only one sensible way of arranging them. We shall 
therefore only consider the approximation of perfect electron pairing, using 
directed wave functions. When we do this the mathematics becomes easily 
manageable. 

It is not proposed to give an explanation of the method since this has been 
done in the literature so many times already.* The expression for the energy 
is a sum of exchange integrals 

W=SJ«-i S J«, (2) 

those with coefficient (-j- 1) arising from electron pairs and those with co- 
efficient {— J) feom two electrons in different pairs. The object is to mftlfA W 
a minimum by a suitable choice of directed wave functions. There are two 
types of exchange integral, the carbon-hydrogen, sufficiently defined by 
two and the carbon-carbon which need four suffices for their 
For the convemenoe of the reader, these diatomic exchange integrals are 
redefinedf 

N.p = — (l«i) 'I'c («a) H(J(h (1«i) tt'o (Pi) 

C./)yj = — |(}»o («i) <}'c, (Pi) (yi) +0 (8i) dv*. 

* See flor example Van Vleok, ' J. Ohem. Phya.,’ vol. 1, p. 210 (1038) In this paper the 
directed wave fiinotions which we employ have been used already by Van Vleok to 
the regular tetrahedron structure of methane. 

1 7br a more detailed description and ditouseion of these integrals see Penney, ' Ptoo. 
Roy. Soo.,’ A, vol 144, p. 166 (1034). 
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Here H ie that part of the HamiltoBian which depeads on the oo-<Rdmates of 
electrons 1 and 2, and x, % . denote qaantom states roferrad to the a.™ 
joining the two nuclei concerned in the integral. 

The DirectX Wave Functions in the Plane of the Ring 
Our next problem is to discover the three directed wave functions on each 
carbon nucleus which give a maximum bonding energy. We have for their 
construction one 28 wave function and two wave functions, all three being 
even on reflection in the plane of the ring and each orthogonal to the othw 
two. Let us fix our attention on one particular carbon nucleus C, exhibited 



Fio. 1 

in fig. 1, and denote its left- and right-hand neighbours by and Cg respec- 
tively. Introduce an angle u deternuned by the number of carbon atoms in 
the ring from the equation nu = n. Then of the three bonds of C one goes to 
H, one to Cx, and the third to Cg. Let the three directed wave functions which 
represent these bonds by 4*0 (H), ij'c (Cx) and 4c (Cg) respectively. Then the 
following give the best choice for these wave functions 

4c (H) == [k [ooseo co cos 20 4e i^P^n) + (o®* 4o (2«)]» 

4o (C,) = (1 + COB 2o)“* [4o (2jWc<) + (®®® 2o))* 4o (Ss)], (» »» 1 and 2) - (4) 

= oosec* <i) 008 * 2 to + oos2<i), 0'<o<7t/4. j 

Here, for example, 4o ir a 2p wave function of origin C and having 
tni b O when viewed along the C-H line. The phase of the wave function is 
defined such that the positive end encloses the H atom. Similar definitions 
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i^ly to ij>(; (2|W(j|) and 4*0 (Sjpoc*)- There wiU be * aet of ^Uneoted wove 
toaotions to (4) for eaoli carbon nnoleus. 

Equation fen the Stability 

Since we are chiefly interested in the way the stability depends on n, we 
do not calctdate the total energy W„ of the ring, but rather the quantity 
Vfjn, denoting this latter by S„ for brevity. It is clear that is built up 
of parts. In the first place there is the contribution from the bonds in the 
plane of the ring ; secondly, there is the contribution from the resonance 
between the pJ^ electrons ; lastly, there is the contribution from the inter- 
action between the bmids in the plane of the ring and the electrons. We 
can allow for the second and last of these by writing them as 4“ K> where 
the are given by (1) and K is a constant, the exact expression for which is 
given later. It remains to estimate the contribution to S„ from the bonds in 
the plane of the ring. This can be done from a consideration of the interaction 
of the electrons on C with those on other atoms. 

. For the present we are going to neglect the interaction between any two 
hydrogen atoms, between any hydrogen atom and any but the nearest carbon 
atom, and between any two carbon atoms not contiguous. An estimate of 
the influence of these neglected terms, as well as that of the Coulomb attractions, 
will be made later. 

A little care is needed in the evaluation of {S,j — K). If we limit 
ourselves to the bonds of G in the plane of the ring, we find that their inter- 
action with that of H must be taken with weight unity, but their interaction 
with those of and C 2 must be taken with weight one-half, since otherwise 
these latter would be coimted twice in the total energy W,>. Using the wave 
functions (4) and the hydrogen wave frmetions ^0 (Is), we can evaluate the 
exchange intergrals J as linear oombixiations of the fundamental integrals (3), 
and then perform the simple addition to obtain the energy (8^ — — K) 

afber the fashion of equation (2). As a matter of fact, the algebra is con- 
siderably shortened by writing this latter as (3£< J^) /2. By removing 

the restriction that i ^ j in. the second summation, we can make use of the 
directional properties of the bonds of sjj® to obtain the result that the summation 
is independent of the hybridization.* The result can then be written straight 

* Pfcof^lst there be one electron cm atom A and four on C, with aggregate oonfiguration 
sp”. Let 4^ {i ^ h 2, 3, 4), be one set of normal orthogQna] wave ftmctioiui for C. Let 
4^ S (/, f ) where SS*' 1. Then 

Xy I 4 #a (1) (2) H4#a (2) (1) dv « £y|| S y, *) s (i, I) Nrt 
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4owd. The integials m the other hand, are quite lengthy, hut are otheir* 
wise easily managed. We find 

S„ =w„ + K + L + H(e)) + C(ca) (6) 

K = 2C.„. + 2C„„ + + iS„, 

= Cmm + Cana + 2 C,aa 0 + 2C„„ + ^Cawmt + J (N* + N,, + N„), 

H (<!)) = — 3 [cos 2b> sec® u N„ + tan*ti»N„ 

+ 2 tan (■> sec u (cos 20 ))* N^]/2 (6) 

C ( w) = — 3 sec* Oi [Caaaa + COS* 2o) C..„ + 4 (COS 20))* (Cfoaa 

+ cos 2o) C,^) + 2 008 2o) (C^at 4" C,a 0 a 4“ C„»»)]/8. (7) 

It will be noticed that we have written as a sum of terms. The reason 
is that we find it simpler and more instructive to consider them separately 
than collectively. Our object is to minimuse 8, with respect to n, or since o) 
is directly proportional to n, with respect to o). The constants K and L can 
be neglected in the variation problem, and as we have the values of already, 
it remains only to consider the dependence on <■) of the hydrogen-carbon 
energy H (o)) and the carbon-carbon energy C («). 

Let ns examine the dependence of H (co) on ce. The exchange integrals N, 
according to Van Vleck* have the values 

I N,, = 2 ' 3, = 2 '0, N„ = 1 '0 electron-volts. 

However, it seems to us tluit this does not give enough prominence to 
nor does it dijSerentiate quite enough between and N„. Therefore we 
prefer the values 

II N^sbI'TO, N„ = 1‘20, N,, = 1'43 electron-voltB, 

which give equally good agreement for the difference of energy of dissociation 
of methane and 4GH. In fig. 2 we plot H (o) for the two sets of values 1 and 
II. It is seen that in both cases there is a decided minimum at about co — 30°. 
Finally, let us make the drastic assmnption that 

m N„=N„=N^=2e.v.(8ay). 

dteloe S (j, •') 8^ (t, i). Hw proof in no way specifies the type wave fimotlon tot A, 

and theieEan the ramlt obtained or the integrals N holdt also for the C, as is seen by a 
double appUeatfam of the above result, summing first over one oathon atom and then over 
the other. Q.S.D. 

* Van Vleok, * j. Chem. Fhys.,’ vol. 2, p. 20 (1984). The values used by Van Vleok have 
been obtained from apeotrosoopio data and also fhnn the oaiettlated vidnes of Ooolidge, 
Itelaad, ato. 
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In case III we calculate that H (o>) has a minim u m at co = 36®. Kow the 
true values of the integrals N certainly lie somewhere in the range covered by 
I, II and III, and must therefore be such that the function H (w) has a distinct 
y ninin)iin ) at about o = 30® n = 6). Fig. 2 does not bring out sufficiently 
clearly just how strong this minimum is because we have plotted the whole 
range 0 co tc/ 4. Perhaps a numerical example will make this point 



Fm. 2.*— The figtire illustrates the way the energy of attachment H ( co) of an H atom depends 
on to in the plane ring compound (CH)„. The angle co is determined from nco » tt. 
Curves I, II and III are obtained by assuming various values for the fundamental 
O'H exchange integrals, of which 11 are the most probable. It is seen that of the 
“ even ” rings, n 6 is prefened. 


clear. The difference between n = 6 and n = 8 in curve II is 0*30 e.v., a 
quantity large enough to swamp the variation in 
Let us now examine the dependence of C (<o) on co. Here we meet with 
considerable difficulty because the carbon-carbon exchange integrals which 
appear in the expression for C (w) are practically unknown. Fortunately 
none of the integrals have any it- but only s- and cr-suffixes. From the usual 
sort of overlapping consideration we would expect to be the least of the 
integrals and the values of the others to increase steadily with the numbeor of 
oHsuffixes* The variation in the integrals will be further emphaaixed by the 
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f»et tbat the Bcreening for the 28 electrons is not quite so Jatge as it is for the 
2p eleotrcms. If we assume 

(1) C^. = l-00, C,.„ = l-37, (C,„. + C„„ + C^.,)/3 = l-76. 

C,^=2-18, a„, = 2-60, 

then wo find that C (to) varies with to in the fashion shown by curve (1) in fig. 
3. If we assume the set of values 

(2) C„„ = l-00, C^ = l-32, (C^ + C^<r + C.^)/3 = l-73. 

C.,„ = 2-29. C„„ = 3-00, 



Fto. 3 — The figure iiluetratei the wa.y the hinditig energy C (o>) between the carbon atoms 
per carbon atom» depends on <o. Curves 1, 2 and 3 ate obtained with various plausible 
assumptions for the C-C exchange integrals. Of the *' even rings, it is seen that 
n » 6 (or possibly n = 8) is preferred. 

we obtain curve (2). If we take a sot of values (3), intermediate to those of 
(1) and (2), this time making the integrals in geometric rather than arithmetic 
progression 

(8) C,„ = l-60, C^. = l-71, (0^. + C.... + C^)/3=-l-94, 

C^„ = 2-20, C„„ = 2-80 

w« obtain curve (3). If we make the most unlikely assumption that all of 
the above integrals are equal, we find that the function 0 (e>) hae a minimum 
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at 6 ) === 0 and increases steadily with a>. We perceive from the above oalou- 
lations that it is very probable that the function C (ci>) shows a minimum at 
about 6 > = 30^, near enough to ensure that n = 6 or possibly that n «= 8 . 
One conclusive result we obtain is that C (o) for n ==: 4 is much greater than 
the value with any reasonable choice of the exchange integrals. 


Discussion 

We have seen that the quantity S«, which determines the most stable ring, 
depends for its variation with n on the sum of three functions H (o) and 
C (a>). The first of these requires that n is even, but providing this condition 
is satisfied the variation with n is relatively small. The function H (co) has 
the important property that it shows a pronounced minimum at n = 6 over 
a wide range of values of the exchange integrals on which it depends, wide 
enough certainly to include the true, but unknown, values. The function 
C (to) in all probability has also a minimum at about w = 6 , but the variation 
in C (cd) as w changes from 6 to 8 is small. There is no escape from the con- 
clusion that C (g>) and H (o)) are so large with n = 4 that the plane ring C 4 H 4 is 
completely ruled out. 

For the experimental facts concerning the existence of the rings (CH),j we 
refer the reader to Hiickers papers. Sufficient be it to note the following. 
The ring C 4 H 4 is unknown. The benzene ring C 4 H 4 is, of course, known and 
very stable. A ring CgHg (cyclo-octatetrene) is known, but rings of higher 
order do not seem to exist. Our conclusions are seen to be in excellent accord 
with the experimental facts. 

Cyclo-octatetrene is very difierent in its chemical properties from benzene, 
and hydrogenates very easily. It is unknown from experimental evidence 
whether this molecule is plane or not. Our analysis would seem to indicate 
that it is slightly buckled out of a plane, alternate C atoms lying equally above 
and below a central plane. This arrangement enables the CCC angle to be 
120°, but impairs the efficiency of the resonance , of the electrons. One 
cannot, however, definitely decide whether the compound is plane or not imtil 
the various exchange integrals are known with greater certainty. What is 
clear, is that the compound must buckle on hydrogenation, but we defer the 
proof of this to the following section. 

The fact that n = 6 is the most stable plane ring over wide ranges in the 
relative magnitudes of the N exchange integrals, has an obvious chemical 
interpretation. Any or all of the H atoms in benzene can be replaced by 
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o&m mono^valent atoma or groups, and the ring still retains its form and 
stability. If the ratio of the N integrals to one another did have an appreciable 
effect on the best value of n, one would expect to obtain very stable n = 8 
or n ^ 10 rings, by a suitable choice of monovalent groups to take the place 
of H atoms. No such rings, however, have been prepared. 


Refinements in the Theory 

It is necessary now to investigate whether the choice of the best value of n 
is influenced by the inclusion of terms which up to now have been neglected. 
We find that if numerical values are required for the total energies these terms 
arc of considerable importance, but it seems unlikely that they can affect the 
most important result which our approximate method has given, namely, that 
benrene is the most stable ring. The types of term now under consideration 
can be arranged under various headings as follows : (1) steric repulsions 
between H atoms ; (2) steric repulsions between C atoms not contiguous ; 
(3) steric repulsions between H and C atoms not joined by a bond ; (4) Coulomb 
and Van der Waals forces ; (5) influence of L-8 structure on the energy of the 
carbon valence state, the wave function for which depends slightly on w. 
We proceed to a discussion of the separate terms {1)”(6). 

If we make the reasonable assumption that the minimum C-C and C-H 
distances do not depend on n, then terms (1), (2) and (3) vary with n simply 
on account of the geometry of the rings. For example, the H-H distances 
vary with w, and therefore the H-H exchange and Coulomb integrals depend 
on n. We can calculate the effect of terms (1) exactly and the results are 
listed for M ~ 4, 6 and 8 under the heading W (1). They are based on the 
Morse function given by Eyring and Polanyi* for the interaction of two 
hydrogen atoms whose spins are not coupled in any way whatsoever, and C-C 
and OH distances of 1*43 and 1*10 Angstroms respectively. It is seen that 
terms (1) tend to make n as small as possible. The variation with n in the 
magnitudes of terms (2) and (3) is very difficult to estimate but their not 
result is towards larger values of n. Fortunately, there are several influences at 
work which mitigate somewhat the effect of these terms. Firstly, the variation 
with n (n > 6) of the intemuclear distances involved in (2) and (3) is a good 
deal smaller than the corresponding variation in those of (1). Secondly, the 
exchange integrals in (2) vary in sign, those involving two rt suflixes probably 

^ phys. Chem.,* B, vol. 12, p. 279 (1931 ) ; Eyring, * J. Amer. Ohom. Soo.,* toL S3, 
p. 2337 (1981)* 


von. oxnn.—iu 


B 



284 W,G. Penney 

being of oppoeite sign from those involving none. Thirdly, Coulomb und Van 
der Waals forces are more important in C-C than in H-H interactions, and act 
against the exchange repulsions. 

It is clearly a good approximation to take the Coulomb and Van der Waals 
energy between atoms coupled by a bond as independent of n. The inter- 
actions between atoms not coupled by a bond can be included in (1), (2) and 

(3) , and as already explained, will reduce the effect of these terms. 

The influence of the L-S structure can be easily calculated from a formula 
given by Van Vleck.* The variation of the stability with n due to this type 
of term is shown in the table under the heading W (5). The dependence on n 
is very slight provided n is taken greater than 4. The ring n — 4 is anomalous 
because in this case there is no hybridization of the 2^ and 2p wave functions. 
Of the even w, the ring n = 6 gives the best value for the L-S energy, but the 
variation as n changes from 6 to 8 is indeed very small. 

n 4 6 B 

W(l)e.v. 0*096 0*224 0.330 

W(6)o.v. 0*300 0*033 0*049 

Summing up, we see that for the determination of the best value of w, terms 

(4) and (6) are unimportant. Moreover, (1) acts in the opposite direction from 
(2) and (3), and the net influence of these three is probably very small. Our 
earlier work, therefore, on the variation of the stability with n is still valid, 
and gives benzene as the most stable plane ring. 

Application to Cyclo-Hexane 

The experimental observation that there are four forms of decahydro 
(3-naphthol and decahydro (3-napthylamine can be explained on the hypothesis 
that the six carbon atoms in cyclo-hexane are not coplanar. This view is 
supported by other examples of stereo-isomerism similar to those already 
mentioned above and by X-ray and electron diffraction measurements.f 
It is possible to some extent to understand theoretically why the benzene ring 
should become buckled on hydrogenation. The problem is similar to that of 
calculating the angles between the bonds in the molecule CX^Yg considered 
by Van Vleck.J The atoms X in this case are hydrogen atoms and the Y are 
the two neighbouring carbon atoms of the ring. 

• ‘ J. Chem. Phys.,* vol. 2, p. 20 (1934). 

t Hassel and Kringstad, ‘Tidsskr. Kemi. Bergevesen,’ vol. 10, p. 128 (1981); Haesel, 
* Z. Elektroohom.; vol 37, p. 640 (1931) ; Wierl, ‘ Ann. Physik.,* vol B, p. 621 (1981). 

t *J. Chem. Phys,,’ vol 1, p, 219 (1933). 
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Consider now one particular C atom in a o 7 clo>hezBne molecule. the 
two attached hydrogen atoms Hi and H, respectively, and the two neighbouring 
carbon atoms on either side Ci and Cg. Denote the CiC Cg angle by (tc — 2u) 
and the HiC Hg angle by (tc — 2 <>>'). The choice of directed wave functions 
is 

'i'c (Cl) == (1 + cos 2a))-* [i})c (2pffcP + (cos 2a))* t))o (2«)], » = 1 or 2, 
t}/c (Hi) = (1 + cos 2a)')-* [ij)c (2poH^) + (cos 2a)')* 4*0 (2s)], j = 1 or 2. 

Orthogonality conditions demand 

cos 2a) cos 2a)' = sin * 0 ) sin * 0 )', 0 O)' 7c/4. (8) 

Evaluating that part of the energy of cyclo-hexane which depends on a> 
and 0 )', we find 

W (o), 0)') = 6 [H (o)') -f C (o))]. 

H (o)') = — 3 [N,, + 2 (cos 2a)')* N„ -f cos 2a)' N„]/{1 -f- cos 2a)'), 


and C (o)) has been given already in equation (7). We have omitted exchange 
terms between non-neighbours, and steric. Coulomb, ionic. Van der Waals 



and LrS terms, just as we did in earlier sections. Presumably, their net 
influence will be only of subsidiary importance for determining at and a>'. 
The steric repulsions will, however, be of primary importanoe in deciding 
whether the “ chair ” or the “ boat ” form of cyclo-hexane is the more stable. 
The difference in energy arises only from the interaction of the groups labelled 
a and b in fig. 4, and must therefore be very small. It seems likely, without 
malrmg any osloulations, that the *' chair ” fcom is the mote stable since this 
would minimuse the steric repulsions between a and 6. This agrees with the 
rather scanty experimental evidence, Hassel (loc. ctt.). 

Since there is a relation (8) between «> and «*', the energy W (o), o') can 
be en^pressed in terms of o) only. That value of o giving a minimum W is 
required. If it turns out to be exactly 30°, the uz earbcm atoms of oydo- 
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hexane arc coplanar ; if it is greater than SO®, the ring is buckled ; if it is less 
thAu 30®, the interpretation is that there is some compound {CHj)„ with 
n > 6 more stable than cyolchhexane and such that the carbon atoms are 
coplanar. 

Once again, we consider the functions H (o') and C (o) separately, but for 
convenience we plot them both in fig. 5. On account of the relation between 

^ (jj 



Fio, 5 ^Tho figure represents an effort to determine the CXXJ angle in the ring oompocnds 
Curves I, II and III represent the dependence on n of the binding energy 
H (w) of the two H atoms to their C atom, assuming various values for the C-H 
exchange integrals. Similarly 1, 2, and 8 represent the binding energy C (cu) between 
the carbon atoms per carbon atom, as a function of «, assuming various values for 
the ac integrals. Hero 20 « tc ~ CX)Cand26>' « « HCH with t^and o' related 
by (8). The value of CO giving a minimum in H (to) +C(ci>) is required. It is seen 

to be within a degree or two of 34®. This result implies that the C atoms in rings 
n = 8, 4 and 5 are coplanar, but in rings » =« 8, 7, ... are staggered alternately above 
and below a central plane. 

a aad it is not possible to get an even scale foe <<>' if even scale for <» 
is adopted. Consequently, we have plotted fig. 6 in such a way that in the 
left-hand half w' increafles evenly from 0 to 36°, while in the right-hand half «» 
deoreases evenly from 36“ to 0. For reference, certain corresponding values 
of ti and w' have been marked. The angle »=*«'« 35“ gives the tetrahedral 
wave functions such as exist in methane. The various curves in the figure 
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have been obtained using the different sets of exchange integrals already 
employed with benzene, and to identify them the curves are labelled in the 
same way as the exchange integrals themselves. It should be mentioned that 
the curves do not have the same origin of energy ; they have been moved up 
or down arbitrarily so that each can be seen as clearly as possible. 

It remains to add the ordinates of H and C in fig. 6 and find where the 
minimum in W occurs. It is more convenient in the figure to plot W/2, and 
as we have taken three sets of values of both H and C, there are in all nine 
possible combinations. To prevent confusion only six of the nine curves for 
W/2 are represented in the figure, and the particular H and C involved in any 
one of these can be determined by tracing the separate curves from the point 
at which all three intersect. Two features of interest are apparent : (1) The 
angles co and o' can depart but very little from the tetrahedral value. This is 
imposed, not so much by the relative magnitudes of the exchange integrals, 
but because of the way the angles themselves appear in the expression for the 
energy ; (2) the minimum for W is very sharp and lies within one or two degrees 
of 35 '^, the most probable value being 34 ®. Therefore all ring compounds 
(CH2)n with w ^ 6 are buckU>d. The rings n = 3 and n ate necessarily 
plane and the ring n == 5 probably. 

It is found experimentally that single ring compounds (CH2)„ exist from 
w = 3 up to very high values of w (n = 18 or 20 ). Wierl* finds by electron 
diffraciiion measurements that C5H1Q (cyclo-pentane) is plane but that CgHi2 
(cyclo-hexane) is angular. These observations arc very nicely accounted for 
by our calculations. In addition, Wierl finds that (benzene) is plane, 
in accordance with our initial assumptions. 

The rings (CH2)3 (cyclo-propane) and (€112)4 (cyclo-butane) ore clearly 
rather different in character from the higher members of the series. We have 
seen that the angles between the two bonds from a C atom to the H atoms in 
a CHj group cannot deviate much from the tetrahedral value without involving 
a large gain in potential energy. This fact keeps the angle between the two 
remaining bonds also very near the tetrahedral value. Consequently it is not 
possible to construct a ring (CH2)8 using for the C-C bonds directed wave 
functions pointing from one C atom to the next, since this would imply an angle 
GO® between the bond directions. The geometry of the ring in cyclo-propane 
and cyclo-butane prevents the OC bonds from having their best values. In 
other words, these bonds are strained,’’ and are not very strong. We see, 

♦ ‘ Ann. Physik,’ vol. 8, p, 621 (IWl). 
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roughly, why heating cyclo-propane changes it over* into CH 2 = CH — CHj 
(propylene). 

I should like to express my best thanks to Dr. H, W, Melville for helpful 
discussions on the chemical aspects of problems considered in this paper. 

Summary 

It is shown that the resonance between the electrons does not select 
benzene as the most stable of the single-ring structures (CH)^ ; but that the 
binding energy of the other tliree bonds on each carbon nucleus does. The 
calculations are based on the wtsll-known formula of perfect pairing, with 
directed w^ave functions for the C-C and C-H bonds. The energy of the ring 
(CH)rt i» evaluated in terms of n and certain exchange integrals. It is found 
that n = 6 is the most stable ring over wide ranges in the exchange integrals, 
and this is interpreted to mean that the H atoms can be replaced by any mono- 
valent group with little change in the form and stability of the ring. Improving 
the calculations by putting in some terms previously omitted does not affect 
the result that benzene is the most stable ring. 

The ring nearest in stability to benzene is w =« 8 (cyclo-octatetrene). The 
calculations indicate that this compound is probably slightly buckled out of 
the plane. One would expect cyclo-octatetrene to hydrogenate very easily, 
and in fact, it does. 

The calculations can be extended to the ring compounds (CH 2 )„. One finds 
that any value of w greater than 2 can give a ring, but that n = 3 and 4 should 
be rather imstable. Rings n = 3, 4 and 6 should have the C atoms ooplanar, 
but rings n — 6, 7, should be buckled. These conclusions are borne out 
by the observed stereo-isomerism and by X-ray and electron diffraction 
measurements. 

* Chambers and Kistiakowsky, ‘ J. Amer. Chem. Soo.,* vol. 66, p. 399 (1934), 





Discussion on Energy Distribution in Molecules in Relation to 
Chemical Reactions 

Opening Address 
By C. N, Hinshewood, F.R.S. 

(May loth, 1934) 

It often happens that the empirical observations of chemistry reveal the 
working of principles which can be easily interpreted in terms of physical 
theories, but whicjh might have been difficult to predict. One need only 
mention the question of the nature of valency as one of the most conspicuous 
examples. For this reason it is useful if problems lying on the border line 
of physics and chemistry are discussed from both points of view. 

The present theme is the distribution of energy in molecules and its relation 
to the phenomena of chemical change. We know that the transference of 
energy from one molecule to another and, in particular, the accompanying 
interconversion of translational and internal energy depend upon specific 
mechanisms which give rise to phenomena of great interest. I need only 
mention the influence of hydrogen and certain other gases in maintaining 
the energy distribution in unimolecular reactions, the variation of the velocity 
of sound with frequency, due to the finite time required for the establishment 
of equilibrium in the energy distribution among the internal degrees of freedom, 
and lastly that curious inability of solvent molecules to degrade the light energy 
absorbed by fluorescent substances. 

There are still interesting things to be known about these phenomena, 
especially on the theoretical side, but I will pass on to some newer problems 
connected with internal rearrangements of energy which has already been 
given to a molecule. As we know, one form of this problem has been very 
prominent of late years in connexion with the type of photochemical decom- 
position called predissociation. 

The first of the chemical problems to which I should like to draw attention 
is connected with the existence of what we may call independent modes of 
activation of the molecules taking part in certain reactions. The experimental 
facts are aa follows. If, for a reaction involving the decomposition of a single 
substance, we plot the reciprocal of the time of half change against the initial 
pressure we obtain, in general, a curve which first rises and then bends round 
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to become parallel to the pressure axis. The interpretatioa of this curve in 
terms of the activation and deactivation of molecxdes by colliirion, and the 
transformation probability of the activated molecule is well known. Now in 
certain cases there is clear evidence that the curve is really composed of the 
superposition of several curves, and does in fact present a well-defined seg- 
mented appearance. The interpretation which we have tentatively given to 
this is that there are several virtually independent reactions taking place at 
the same time, all unimolecular, and difiering only in the values of the various 
characteristic constants. This type of behaviour is found with nitrous oxide, 
with acetaldehyde and with propionic aldehyde. With the two former sub- 
stances at any rate, the chemical nature of the reaction is essentially the Same 
over the whole pressure range, so that we appear to have several physically 
different mechanisms by which molecules are activated for the same uni- 
moleculax chemical transformation. The hypothesis which we have found 
most useful in explaining this is that once a molecule has received its activation 
energy, the internal rearrangement of this energy is relatively diflScult, and 
that according to the original way in which the energy was placed in the 
molecule there will be a different probability of chemical decomposition. To 
illustrate the point with one very rough example, if the N-N link of nitrous 
oxide is activated to a high vibrational level the probability of the decomposition 
NjO ^ Ng + 0 will clearly not be the same as when the N -0 link is activated. 
Thus the N-N activated molecules and the N-0 activated molecules will 
undergo what are viitually independent reactions. This is an unduly simplified 
picture, no doubt, of what constitutes one of these inodes of activation. In the 
hope of throwing further light on this, we have recently been making a com- 
parison of the kinetic behaviour of a series of related compounds to see how the 
prominence of a given mode varied with the presence of a substituent. The 
series chosen was HCHO, CHgCHO, CgHgCHO and CCI 3 CHO. I will not 
describe the experimental results in detail here. They form the subject of a 
paper now in the hands of the Royal Society, and my colleague, Mr. Fletcher, 
will say something about them in the course of this discussion. But I will 
suininarize certain conclusions upon which the views of theoretical physicists 
would be helpful. These are (a) the hypothesis that molecules with the 
activation energy differently located or distributed do seem frequently, and 
perhaps generally to behave as virtually independent entities for kinetic 
purposes appears to be confirmed ; {b) that, in certain substances at least, 
although several types of activated molecule are detectable, the number is 
not indefinitely great, or at any rate the types fall into a few well-differentiated 
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groups ; (<?) in a molecule like HCHO the chance that the activation energy is 
communicated to the molecule in such a way as to cause rapid decomposition 
is relatively much greater than with substituted molecules such as C2H5CHO ; 
(d) with CCI3CHO, the CCI3 part of the molecule is much more likely to be 
activated than the CHO part. To what extent this is simply a function of the 
greater mass of the chlorine atoms is, an interesting question; (e) from the 
purely experimental point of view we are not yet able to estimate the relative 
importance of “ valency oscillatior»s ” and “ deformation oscillations ” of the 
molecule, though on general grounds the importance of the latter appears to 
be considerable. 

The question of the relation between the actual magnitude of the activation 
energy and the decomposition probability raises interesting questions which, 
however, cannot be dealt with here, as wc must pass on to other matters. 

The next group of problems coming within the scope of this discussion I will 
only just mention. In a large class of reactions it may be ambiguous whether 
a decomposition occurs by the mechanism XYg == X + Yg, or by the alterna- 
tive XY2 ™XY + Y, and subsequent reaction of the active radicle Y. I 
hope there may be some discussion of the general aspects of this problem, and 
will only say that in my opinion the dissociation idea is often carried too far, 
and that frequently interaction between two parts of a molecule is a process 
occurring more easily than the development of either in a free state. 

I will now turn to a rather difierent type of problem, where transition prob- 
abilities of activated molecules are concerned even more intimately. There is 
a large class of bimolecular reactions in solution where the observed rate is as 
nearly as may be equal to the rate of encounter of the appropriate activated 
molecules. There is a second class where the reaction velocity is many powers 
of ten smaller than the activation rate. (Doubtless there is a continuous 
transition between the two classes, but we may consider extreme example s. 
Reactions of the second edass are very sensitive to the catalytic action of solvents, 
and it thus appears probable that a ternary collision involving a solvent 
molecule is necessary. In one example, namely, the benisoylation of amines in 
organic solvents Mr. E. G. Williams and I have been able to show that even 
when the condition of a simultaneous collision between two reactant molecules, 
suitably activated, and a solvent molecule is fulfilled, the transformation 
probability is still small I have suggested that perhaps we ought to distinguish 
two extreme cases in chemical kinetics ; the first where the rate of reaction is 
primarily determined by the acquisition of the necessary activation energy, 
and the second where a probability factor independent of temperature is of 
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equal or greater importance. Such a factor would be characteristic of a 
problem in which a quantum mechanically ** forbidden transition was 
involved . Such transitions occur when certain types of electronic reorganiza- 
tion are involved. They are greatly facilitated by perturbing forces acting 
on the molecules. There is a suggestive connexion between this and the 
remarkable catalytic effect of solvents — oft<m roughly parallel with their 
polarity — on the one hand and, on the other hand, with the fact that in reactions 
where one of the reactants is an ion the rate is usually nearly equal to the 
activation rate, as though the great electrostatic forces contributed a per- 
turbation powerful enough to increase the transformation probability to 
nearly unity. 

{Slides illustrating experimental results were shown.) 


Professor J. E. Lennabd-Jones, F.R.S. — It seems to me that there is no 
branch of chemistry in which it is more important to understand, in a detailed 
way, the electronic structure of molecules than in the branch under discussion 
to-day. One of the methods which have been used to determine electron 
distribution in molecules starts from the assumption that each electron may be 
regarded as moving independently in the field of the complete nuclear frame- 
work. The properties of the various possible states are then determined by 
the symmetry of the environment in which the electrons move. Some of these 
states have the same symmetry of the nuclear framework, and may be regarded 
as symmetrically (though not equally) related to all the nuclei, while others 
have different symmetry properties aixd indicate that electrons in those states 
prefer to avoid certain parts of the molecule (as, for instance, certain planes 
of symmetry). When one electron of a molecule is excited by light absorption 
(or other means) from a state which is of the symmetrical tjq)e to one of un- 
symmetrical type, some of the bonds of the molecule are affected to a greater 
extent than the rest. The effect may sometimes be so drastic as to cause the 
xnolecule to dissociate at a particular link or to cause a rearrangement of the 
valency links. 

It is believed that molecules which dissociate in unimolecular reactions do 
So without light absorption. None the less, a transition may occur from one 
electronic state to another, if the vibrational energy is such that the nuclei 
of the n^olecule can take up certain. special configurations. It is, therefore, 

importance to know the energy of the various states of the moleoule for all 
possible configurations of the nUclear firamework. 
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Mr. Hiiushelwood, in his opening address, has referred to the mechanism of 
the decomposition of molectiles of the type AB^, At present it is not yet 
known whether these molecules decompose into A + Bjj or into AB + B, or 
what the factors are which control the products of decomposition. In this 
connection I may refer to some recent work of mine on the electronic structure 
of certain molecules of this type for it may suggest the mechanism, by which 
these molecules decompose. If the molecule ABj has the symmetry of the 
letter Y, the electronic orbitals are of three types. They may most easily 
be described by reference to three rectangular axes, of which the axis of z 
is along the axis of the molecuhj, while the axes of x and y are respectively 
perpendicular to and paraDel to the plane containing the nuclei. 

One kind of molecular orbital has the same symmetry as the nuclear frame- 
work so that it is unaffected by reflection in the planes xy and yz. This is 
called an “ orbital. Another kind is such that the wave function vanishes 
everywhere in the yz plane, so that reflection of the wave function in the 
plane causes a change of sign. This is called a “ bi ” orbital. The third type 
has a nodal plane in the xz plane. This is called a “ 62 ” orbital There are, 
of course, many orbitals of each t3pe, just as there are many s- and p-orbitals 
in atoms, each having its characteristic quantum number or nodal surfaces, 
but all orbitals conform to one of the three types just described. 

The wave function of the whole electron distribution may be described in 
an analogous way. It may have a symmetry of the same type as an individual 
orbital, which we have labelled “ It is then described as an ** A^ " state. 
Similarly there are and Bg states.* 

The electronic structure of formaldehyde, acetone, and certain other ketones 
can be described in terms of this notation. I have recently made a study of 
the electronic states of formaldehyde by correlating them with those of the 
oxygen molecule, which contains the same number of electrons. It appears 
that among the low energy levels there are three transitions from the ground 
state ^A, one to another ^Aj level, one to a level and one to a level. In 
the first transition the symmetry of the molecule does not change, while in 
the second (^Ai— ^Bg) and third (^Ai— ^Bj) the symmetry changes in such a 
way as to correspond to a change of the electric moment in the direction of the 
y^axis, and x-axis respectively. 

Now Dieke and Kistiakowskyf have recently shown that the characteristic 

* For reasons into which I need not enter, there is also another state labelled Ag. 

t *Phys. Rev.,’ roL 45, p. 4 (1984). I am indebted to Dr, Snow for bringing this 
reference to my notioe and for interesting disottssions cm this subject. 
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absorption band of the CO group in formaldehyde in the neighbourhood of 
3000 A does in fact correspond to a change of moment parallel to the y-axis, 
and we may, accordingly, infer with some degree of certainty that absorption 
in this region of the spectrum corresponds to the transition. 

Presumably the characteristic absorption of aldehydes, ketones and all other 
molecules containing a CO grotip in the region of 3000 A corresponds to a 
transition of this type. 

When the detailed electron structure appropriate to each of these states is 
examined, it is found that the ground state has its two outermost (or most 
lightly bound) electrons in orbitals, viz. while the corresponding electrons 
in the excited state are ( 62 ) (%)> of electrons having been 

lifted from a 62 orbital to an orbital. This means that the electron dis- 
tribution has altered in such a way as to throw the H-atoms into a closer 
relation to each other. It would not be surprising, therefore, if the molecule 
subject to light in the region of 3000 A dissociated according to the scheme 

H2C0-">H2 + C0. 

I understand that Dr. Norrish has obtained experimental evidence of the 
decomposition of molecules of this type when subject to radiation of this 
wave-length. 

There may, however, be a difference between the case of formaldehyde 
and that of other Y-shaped molecules such as acetone, because the H-atoms 
are in a sense spherically symmetrical and can react with each other whatever 
their relative orientation, whereas two CH 3 groups can only react to form ethane 
provided the two groups are oriented in a particular way. Hence it is possible 
that aldehydes R . CHO and ketones R . R'CO may dissociate in different 
ways. This suggests the necessity of a theoretical investigation of the electronic 
states of these various molecules and their energies as functions of the inter- 
nuclear distances. 

Even when the energies of the various states of a molecule are known as 
functions of the intemuclear distances (or other suitable parameters), there 
stUl remains the difficulty of representing the results in a graphical way so as 
to facilitate comparison of experimental and theoretical results. One reason 
why so much progress has been made with diatomic molecules is that energy 
diagrams are functions of one co-ordinate and can conveniently be represented 
in a two-dimensional space. The usual method of representing the energies 
of molecules with two degrees of freedom is by a system of equipotential 
curves in a two-dimensional space. Each energy state requires one complete 
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system of curves, so that when a number of such sets of curves are super- 
imposed, the network is so complicated as to be useless. The next method is to 
represent the energy of each state by a surface, the height of each point above 
a plane representing the energy appropriate to that molecular configuration. 
This is most helpful when only one state, say the ground state of a molecule, 
is being considered. When several states have to be considered simultaneously, 
it is again impossible, in practice, to construct a number of intersecting 
surfaces without causing great confusion. Moreover, it is diflScult to commit 
the results of such an analysis to paper. 

In order to overcome these difficulties 1 have found it advantangeous for 
molecules where two degrees of freedom are important, to use the following 
method. Let x and y be the co-ordinates associated with the two degrees of 
freedom in which we are most interested. We suppose them measured as 
usual along two perpendicular directions, and the energy appropriate to any 
configuration (x, y) is represented by an ordinate (z) perpendicular to the plane 
xy. In problems of photochemistry interest is usually centred in the possible 
transitions from a particular state of the molecule (say the ground state) and 
by the Franck-Condon principle the transitions mostly take place from the 
neighbourhood of the minimum of the energy surface, whose co-ordinates are 
(^o^o)* therefore, seems advantageous to concentrate on the transitions 
from this neighbourhood and to take a section x^x^ and y tlirough all 
other energy surfaces. If, in addition, the parameters are chosen in such a 
way that all possible configurations of the molecule are represented by a finite 
range of values of x and y, say from to (xj, y,), then the energy surfaces 
can conveniently be represented by their sections on a foursided blackboard 
made in the form of a cylinder of square cross-section. 

If, for example, a linear molecule ABC is being considered, then, as long as 
it is linear, it can be described by two distances, which may describe the length 
of the link AB and the length of the link BC. Then one aide of the blackboard 
will represent the interaction of A and B when C is at an infinite distance from 
both. This interaction may be denoted by (A B) + (C). The other 
three sides will represent the interactions 

(AB C, A (BC) and A + (B C). 

An example of a scheme of energy levels for a molecule of this kind is shown 
in fig. 1. Another method of representing the same set of surfaces is given in 
fig, 2, where the curves appearing on the four sides of the four-sided blackboard 
are drawn in itour panels in the same plane. 
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A similar method of representation can be used for a Y-shaped molecule like 
formaldehyde, if we suppose the CO part of the molecule to remain fixed and 
the hydrogens to approach and recede from the molecule symmetrically, 
that is, so as to preserve the symmetry of the Y, Then the distance of the 
mid-point of the line joining the two H-atoms from the carbon atom can be 
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taken as one co-ordinate (x), and the distance between the H-atoms as the 
other (y). For molecules of this kind the symbolic representation of the 
energy levels is of the type shown in fig, 3. Denoting the molecule by XR|, the 
first panel shows the interaction of R and R at an infinite distance from X. 
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The second shows the interaction of, Rg and X when the Rg molecule is brought 
towards X in such a way that its mid-point moves along the axis of symmetry 
of X and the correct symmetry of the XRg system is preserved ; in this 
process, the intemuclear distance of the atoms of Rg is kept fixed. In the third 
panel the interaction of Rg and X is shown where the R atoms are drawn apart 
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from each other in such a way that their centre of gravity remains fixed at the 
equilibrium distance from X, and the symmetry of the system X + R + R is 
preserved. In the last stage the R atoms, already at an infinite distance from 
each other, arc moved so that their centre of gravity recedes fironi X. During 
this process the energy does not change but the cycle is completed and the 
system returned to its original configuration. 

In the figure two energy surfaces are represented by the curves ABCDA 
and A'B'C'D'A' and their curve of intersection by two points P and Q. The 
point C' represents the minimum of the energy surface and the vibrations of 
the molecule at low temi)eratures can be represented by the movement of a 
point about C', 

If, as a result of collision, the molecule receives suflScient energy to roach 
the point P, an electronic transition may occur, provided that the intersecting 
surfaces correspond to states of the same symmetry and the same multiplicity 
(that is, the same spin vector). The molecule will then decompose into X + Rj. 
Similarly if the molecule receives sufficient vibrational energy to reach the 
point Q, the molecule will decompose into X + R + R. (In order to consider 
the possibility XR + R, a third co-ordinate and therefore a more complex 
energy diagram would be necessary.) The curve of intersection, of which P 
and Q are two points, will in general be non-planar and will resemble a rim 
which has become warped. It will have two minima such as P and Q (not 
usually at the same height) and two maxima in between them. In conse- 
quence, the probability of decomposition and the products of decomposition 
will depend on the energy. It will increase from zero as the vibrational energy 
increases from a certain critical value (corresponding to the height of P on the 
energy diagram) until it reaches a maximum, after which it may decrease 
again, for, when the vibrational energy of the molecule exceeds that of the 
highest point of the curve of intersection, the probability of a spontaneous 
switch from one surface to another will become small. The energy must 
therefore lie within definite limits for decomposition, which involves a switch 
between these two energy states. 

The conditions for decomposition become more complex if the two energy 
surfaces correspond to states of different multiplicity. If, for example, the 
lower one is a ^A^ state, in the notation already explained for a Y-shaped 
molecule, while the upper one (BCD) is a ^Aj state, then a switch from one 
surface to another at P or Q will not always occur. The probability of tran- 
sition will be very much smaller and may be of the order of 10“® or less, just 
as transitions from a triplet to a sin^et level in emission or absorption are 
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much less frequent than those between levels of the same multiplicity. The 
probability of decomposition under these conditions will therefore depend on 
two factors, viz., (i) the energy, which must lie within prescribed limits, and 
(ii) a change of spin of the electrons. The latter will be affected by the 
environment in which the molecule moves and may be accelerated by the 
presence of electric or magnetic fields. This may be the explanation of the 
effect of various solvents on decomposition, to which Mr. Hinshelwood has 
referred. 

Professor M. Travers, F.R.S. — The following note is based upon the results 
of work carried out in the Chemical Laboratories of the University of Bristol 
conjointly with Dr. T. J. P. Pearce, Mr. R. V. Seddon, B.Sc., and Mr. P. F. 
Gay. The work involved the study of the pyrolysis of acetaldehyde, and also 
of ethane and ethylene, and the equilibrium mixtures of these gases with 
hydrogen. The work on the acetaldehyde is in progress, but the investiga- 
tion of the hydrocarbons is completed, and will be conmiunicated to the 
Society in the course of a few days. 

It appears from the circular issued to the Fellows of the Society that the 
ideas which Mr. Hinshelwood proposes to put forward for discussion are based 
upon the results of a seru's of investigations, such as that carried out by him- 
self and Mr. HutchinBon* on the pyrolysis of acetaldehyde. It is proposed to 
put forward some facts which show that the conclusions arrived at from this 
work may be open to serious question, and that the basis for the present 
discussion is by no means a Hound one. 

In the latter investigation the decomposition of acetaldehyde was supposed 
to proceed according to the equation, 

C3H*0-CH4 + C0, 

side reactions being negligible. The rate of reaction was measured between 
430*^ and 692° C, and at initial pressures below 479 mm, by first connecting 
an exhausted silica bulb with a vessel containing pure aldehyde at a known 
temperature for a moment, and then observing the rate of change of pressure. 
The half-life period was calculated from the results, and it was concluded 
that — 

(i) the reaction was bimolecular ; 

(ii) it was practically homogeneous ; 

* * Ptoc. Roy. 8oo.,’ A, vol. Ill, p. 680 (1920). 
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(iii) it was entirely unaffected by the products of decomposition of the 
acetaldehyde ; and 

(iv) no carbon dioxide or unsaturated hydrocarbons were formed. 

Using an entirely different method of investigation, we have arrived at 
conclusions which are generally the reverse of those stated above. Briefly, 
the method involved the accurate measurement of a volume of acetaldehyde, 
which was condensed in a silica reaction tube, cooled with liquid air, and then 
sealed. The tube was then heated for a definite period, and the contents were 
analysed for methane, carbon monoxide, carbon dioxide, aldehyde, propylene, 
and propane. The method was laborious but accurate. As some carbon 
monoxide was formed together with the propylene by a reaction which followed 
on a condensation process, the rate of formation of methane was taken as 
indicating the rate of the main reaction. 

Now the graphs representing the rate of this main reaction are not con- 
tinuous, so that the half-life period can have no real meaning. However, the 
initial portions are nearly linear, so that the initial rates can be determined 
graphically. It would now seem to be a simple matter to find the variation 
of the rate of reaction with temperature, but here we encounter another difficulty. 
The rates of reaction are influenced to a marked extent by the state of the 
surface. 

These facts are well illustrated by the accompanying graphs. At 400'* 
each point on the diagram represents the result of an experiment carried out 
after the reaction tube had remained heated to 600° overnight while full of 
hydrogen. At 380° two series of experiments were carried out, A in which 
the reaction tube was preheated overnight while filled with hydrogen, and B, 
in which the pretreatment with hydrogen lasted only 2 hours. From the 
experiments at 400° and series A at 380° the critical increment of the process 
was found to be 24*6 k. cals., and from the experiments at 400° and series B 
at 380° it was found to be 31 * 1 k. cals. Also, with different reaction tubes 
different rates of reaction were obtained at the same temperature. In silica 
apparatus, therefore, the process is not mainly homogeneous, but is materially 
influenced by surface conditions. 

The process is very considerably accelerated by the addition of carbon 
monoxide, methane, or even of hydrogen, and to almost the same extent by 
any one of these gases. On increasing the quantity of either of the gases it 
is found that the rate of decomposition of the aldehyde reaches a maximum, 
and a further addition of the gas leads to a reduction in the apparent rate of 
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5— Hg sedee O * series X. Initial CgHg 0*02005 gm. mol/Utie ; temperatuvs 

400® C, time | hour. 
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reMtion as is indicated in the diagrams, figs. 6 and 6. We are tiierefore led 
to the conclusion that the decomposition of the acetaldehyde is not bimoleoular 
with regard to the aldehyde, but is expressed by, 

d {CiB.fi) Idt = K (C^40) + ^'CH, + ^*CO). 



lYo. 6 — 0 CH 4 tube A i O ^4 tube B ; □ CO tube B. Initial CaH 40 0'03840 gm. 
mol/litro ; temperature 400” C, time 1 hour. 


It will now be seen why it is that the initial portions of the graphs representing 
the rate of decomposition of aldehyde are nearly linear. Also, it is possible 
to account for the breaks in the graphs without introducing the hypothesw 
which Mr. Hinshelwood has put forward. 

This work was actually undertaken in support of an investigation on the 
decomposition of ethane and ethylene, and of ethano'ethylene-hydrogan 
equilibrium mixtures, on which a note was given to the meeting of the Faraday 
dosiety at Cambridge in September last. The processes which take place 
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in the equilibrium mixtures appear to be quite independent of surface con- 
ditions, and are therefore moat easily studied* The formation of comfonao^e 
appears to be initiated by a parent process, the rate of which is measured by 
the rate of formation of condensate, and which is determined by the ethylene 
concentration, 

dR jdt 

The rate of formation of methane, which takes place simultaneously, follows, 
in presence of hydrogen, on an activation process similar to that which pre- 
cedes the decomposition of acetaldehyde, so that 

d (Cll,) Idt - (C A) + f CH, + 

The rate again depending on the ethylene concentration, but now on the sum 
of the concentrations of the ethane, methane, and hydrogen. Addition of 
methane increases the rate of the process, a maximum being reached in this 
case also. 

No breaks appear in the graphs representing the rate of either of these 
processes, when using equilibrium mixtures. Starting with pure ethane or 
pure ethylene the breaks are very marked. An explanation is given in the 
paper referred to in the first paragraph of this note, which is now completed. 

Mr. Hinshelwood — I should like to say, in connexion with Professor 
Travers’ paper, that the results are of great interest, but they do not bear on 
the problem I have been discussing. In our experiments the decomposition 
of acetaldehyde is an absolutely homogeneous reaction unaffected by the 
character of the vessel. We have obtained the same results at intervals of 
two years, with different vessels, different thermocouples and different con- 
ditions generally, and the results have remained steady from day to day and 
from month to month. If Professor Travers is using a vessel in which his 
results vary from day to day owing to drifts, variations of surface activity 
or other factors, it is interesting, but the difficulty lies in the variation of the 
catalytic properties of the surface. With regard to the activation energy, our 
results for the reaction velocity arc depicted by the straight line of the 
Arrhenius equation over a range of 100 degrees, I may also point out that 
the experiments of Professor Travers are made at an average temperature 
over 100'’ lower than ours, where surface effects may well be more prominent ; 
and that with his method of working it must be very difficult to avoid adsorbed 
oxygen on the silica, which exerts a pronounced, though transient catalytic 
effect. I think, therefore, that Professor Travers’ results, though extremely 
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iateresting, represent a phase of the behaviour of acetaldehyde quite difieront 
from the one which I have discussed. 

Dr. M. PoLANYi — ^Mr. Hinshelwood’s observations and some other data in 
recent literature show that the dependence of the reaction rate k on pressure p 
cannot be represented by the simple formula k — p/(a — bp). Deviations 
from this formula in a similar direction, as observed by Mr, Hinshelwood have 
been predicted by 0. K. ilioe and Ramsperger, However, if Mr, Hinshel- 
wood^s claim that a definite number of different activated molecules appear in 
his reactions, is accepted, the question of the accumulation of energy in a 
molecule and its transfer into elongation of a certain bond, calls for a renewed 
and more precise consideration. I wish to outline a treatment which is being 
worked out at present in collaboration with Professor Wigner, of Princeton. 

The (‘ucgy E which a molecule contains should be considered as being dis- 
tributed between the different proper vibrations, rather than between bonds 
or vibrations of pairs of atoms. The former distribution would remain 
stationary for all times if the vibrations were exactly harmonic. At the same 
time, the amplitude of the vibration of a certain bond would be subject to 
fluctuations owing to the interference of the different proper vibrations. These 
fluctuations would occasionally lead to a chemical change in which the bond 
under consideration is involved. 

The first point we want to emphasise is, that the different proper vibrations 
are of very different effect on a certain bond. It might be that if a certain 
proper vibration is excited alone, a certain bond will remain completely un- 
affected. Obviously, the energy contained in such a proper vibration would 
be entirely lost for a reaction of these bonds. If the Ath proper vibration 
were alone excited and its energy were Sjt, the amphtude of the vibration of 
the Zth bond can be represented by V where the a*.! are determined by 
the mechanical model of the molecule. If all vibrations are excited simul- 
taneously, the elongation of the Ith bond is 

Xi a.H V e* sin if. — <*), 

k 

where 'ik the frequencies of the proper vibrations and the ik are constant 
phases. 

It is evident that these considerations do not affect the theory of reaction 
rates at high pressure. At low pressures, however, the restriction can be 
derived that on)y those stated should be considered as activated states, which 
can lead to the critical elongatioil without exchange of energy between different 
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proper vibrations. Activated states with difEerent distributions of energy^ 
would have different reaction rates. On these lines it seenus easy to account 
for the presence of different kinds of activated molecules, as required by the 
experiments of Mr. Hinshelwood, 

A further effect should become appreciable at very low pressures. Since 
the vibrations of no molecule can be considered as strictly harmonic, there 
will always be some chance for a redistribution of the energy between all the 
proper vibrations. Thus no molecule will be absolutely stable, which contains 
in any distribution whatever the energy necessary for the rupture of the 
critical bond. 

Mr. C. Zener — I wish to remark that there are two distinct factors which 
may greatly reduce the probability that a molecule A should dissociate follow- 
ing collision with a second moh^cule, the combined energy of the two molecules 
being sufficient for this dissociation. Firstly the probability may be very 
small that the critical bond would absorb sufficient energy for dissociation. 
This may arise either because the molecule A has an extreme reluctance to 
absorb internal energy (the anomalies in the velocity of sound are familiar 
examples), or because the energy in A has difficulty in becoming concentrated 
into the critical bond. 

Secondly, even though the bond should have sufficient energy to dissoc’iate, 
specific perturbations may be necessary for dissociation. This occurs when 
the symmetries of the electron wave functions associated with the undis- 
Bociated molecule and with the dissociated molecule in its lowest state are 
different. Some external influence, such as the electric field of a neighbouring 
ion, will then be necessary to allow a transition between the two states of 
different symmetry. Professor Lennard- Jones has given an example in 
which dissociation by a particular bond would require such an external influence. 
I do not know whether in the complicated molecules which have been studied 
here such symmetry relations exist ; that will require further investigation, 

Mr, E. J . Bowen — There is just one feature of the photo-decomposition of 
gaseous aldehydes and ketones to which Professor Lennard-Jones referred 
that I should like to develop, and that is their delayed uniznolecular decom- 
positiom They all seem to be 

A + Jlv ► A" ► A' products, 

(after secs) 
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similar to the thermal decompositions discussed by Mr. Hinshelwood, except, 
of course, that the excited levels involved are different. This mechanism 
agrees with the photo-kinetics ; the quantum efficiency is unity or somewhat 
less, and the reaction rate is independent of the pressure in th(s gaseous state. 
There is also strong evidence from work we have been doing with liquid or 
dissolved substances, such as acetone, glyoxal and diacetyl, which shows that 
they do not decompose at all unimolecularly in this state, evidently because 
of the deactivating effect of collisions on the primary excited state A®. 

An important qmjstion is, of course, how far the nat\xre of the absorption 
spectra of these substances, which are all diff use, can be used to throw further 
light on the niechanism of the decompositions. At one time the meclianism 
was interpreted as simple predissociation, because the absorption spectra of 
theses substances in the gaseous state begins with fine structure and passes 
at shorter wave-lengths into diffuse bands. If one asked the question ‘‘ Does 
the molecule in fact dissociate ? the old answer was “ Yes — no/* Now, 
however, we know that if the delay period is longer than a rotational period 
the answer may be ‘‘ Yes-yea,’* as with formaldehyde. 

Diffuse spectra may also be simulated by close packing of the rotational 
lines, or may bo due to transitions not involving dissociation as in sulphur 
dioxide. Then the answer to the question Does the molecule in fact dis- 
sociate ? ” is No — no.*’ The fact is that a cursory glance at the diffuse 
spectrum does not answer the question. 

One has to conclude that the belief in this phenomenon of time lag is really 
based on the chemical evidence. This delay feature in the decomposition of 
aldehydes is common to both thermal and photochemical reactions. With 
some hesitation, I suggest that we might have a new term for this phenomenon 
of delayed unimolecular transitions, the existence of which is really inferred 
from chemical evidence, because the term ‘"predissociation” has rather 
vague spectral associations. Possibly the word “ menolyais ” might prove 
convenient to describe the phenomenon of unimolecular reaction occurring 
with a delay between excitation and decomposition, common to both thermal 
and photochemical reactions. 

With regard to the nature of the products of decomposition, it cannot be 
said that the chemical work is entirely satisfactory. The problem is a very 
difficult one, because in order to get enough of the products to analyse, one is 
tempted to take the reaction to completion and also to use a high pressure. 
It is just under these conditions that these molecules polymerize, and the poly- 
merized product decomposes. Therefore, however carefully the analysis is 
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made, one does not get the true products of unimoleoular decomposition. That 
is what one finds in comparing other people’s results. The question of whether 
hydrogen is or is not formed in the decomposition of acetaldehyde, for example, 
is very uncertain. I merely want to focus attention on the accuracy of the 
present chemical work and to emphasize that any experimental work on these 
more complex substances must be subject to a very close scrutiny indeed 
before we can really be satisfied with it. 

Dr. R. G. W. Norrish— I should like to touch briefly on the advantages of 
the photochemical method in studying the energy changes in molecules. First 
of all, I will illustrate the typ^ of data with which one has to deal. I think 
it is important in studying any of these reactions to take care to study all the 
possible aspects of the given reaction. It is necessary to investigate every 
possible photochemical and spectroscopic aspect : the absorption spectrum, 
fluorescence, products of decomposition, and also the quantum yield at different 
wave-lengths. 


4S00 4000 S500 3000 A 2500 



Aooton© 

A Difloreto absorption ; B Diffuse absorption ; C Fluorescence ; D Quantum 
efficiency ; E Energy of N-A link ; F Energy of 0-C link 
Fio. 7-— Nitrogen peroxide acetone 

At Cambridge we studied two substances in order to investigate, as far as 
possible, all these effects together. The first was nitrogen peroxide and the 
second acetone, {Slides were shown,) 

In both these substances wo have a photochemical threshold of reactivity. 
This coincides approximately with the onset of diffuseness in the spectrum, 
and with the cessation of fluoresoene. Allowing for a short region of overlap 
it may be said that fluorescence and fine structure are alternative to diffuse- 
ness and reaction. At the photochemical threshold, the energy of the quantum 
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corresponds fairly closely to the energy of some link in the molecule which is 
broken. With nitrogen peroxide an oxygen atom splits off ; with acetone a 
fipee CH8 radical is eliminated. Now we see how these phenomena are explained ; 
we have the ground state and the upper level ; in the upper level it may be 
possible for an energy switch to occur to an unstable state leading to spon- 
taneous dissociation of the molecule. If this switch occurs within the period 
of one rotation (10™^* sec) we find that the dissociation is evidenced by a 
diffuse (predissociation) spectrum which has lost its rotational structure. 
With a polyatomic molecule, however, the energy switch may take place after 
an interval greater than the period of molecular rotation ; the life of a stable 
excited state is of the order 10“*** second, and if during this period the molecule 
passes through some suitable phase for dissociation, then decomposition may 
follow even in the region of the spectrum showing fine structure, e.g,, as with 
formaldehyde. 

I should therefore like to emphasize that diffuseness is not the best criterion 
of prediflsociation. In polyatomic molecules it can be an unreliable guide. 
The best guide is to be found in the fluorescence. If the fluorescence of a sub- 
stance is studied at different wave-lengths it is found that the fluorescent 
limit — the point in the spectrum where fluorescence ceases — is just about 
coincident with the threshold of photochemical dissociation. Below the 
threshold the molecule can live again and remit its energy as fluorescence ; 
beyond the threshold it breaks up and fluoresc;ence is no longer possible. That 
is really a safer criterion of predissociation. 

We have studied some other questions relating to aldehydes and ketones. 
This slide shows that there is essentially a different mechanism in the two 
cases. When I say “ different mechanism I do not mean that it is very 
different, but that there are points of difference. If we compare the two 

Cyir^ 

substances CO and .CO, we find that the former gives us, 

Et/ h/ 

J(C*He + C3H8 + C«Hio) + CO. 

The ethane, propane and butane are present in roughly equal quantities. 
We have been able partly to separate those substances by fractional distilla- 
tion in freezing mixtures and to characterize samples of each by explosion. With 

CA\ 

isobutaldehyde, however, CO, which can be compared exactly with the 

H/ 

ketone, we have a simpler result. As far as the results of Franck and Pollitzer 
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go, there are equivalent quantities of CO and propane produced. While the 
ketone gives a mixture, the aldehyde gives a pure hydrocarbon. This can 
only be explained by assuming that, instead of coming ofi as a single molecule 
as in isobutaldehyde, these two groups in the ketone come off separately. 
1 see no way out of the view that a ketone molecule decomposes either directly 
into carbon monoxide plus two free radicals (the energy required being 80 
kilocalories) or that it breaks up and gives one hydrocarbon radical plus an 
unstable acyl radical which itself immediately breaks up. It is thus not 
possible in these experiments to say whether the two radicals come off simul- 
taneously or one after the other, but the chemical effect shows that they must 
each be liberated separately in the course of the reaction. 

The liberation of the radical may be regarded as closely allied to the Anger 
effect. It is possible to suppose that the carbon atom in the cliromophoric 
group can become excited and then, instead of radiating, can undergo an 
internal Auger effect which may lead to the rupture of one of its bonds and 
the decomposition of the molecule. 

In contrast to these results, I may mention an interesting result which we 
obtained when we studied methyl butyl ketone, CHgCHaCHgCHg . CO . CHj. 
This is a ketone with a longer hydrocarbon chain on the one side, and instead 
of behaving as ketones usually do, to give CO and the hydrocarbons we get 
nearly quantitatively acetone plus propane— the molecule breaks at a point 
in the hydrocarbon chain. There is no question about the fact that the 
quantum is first absorbed by the carbonyl group ; the energy for disruption 
must then be transferred to this bond in the hydrocarbon chain. The question 
is, how does it get there ? 

The exact amount of energy involved in this break-down of the hydrocarbon 
chain is a little difficult to determine. In the analogous reaction of the decom- 
position of butane, which yields propylene and methane, the energy of activation 
measured by Pease and Durgan was 66 kilocalories. This measurement does 
not necessarily give the actual energy which must be applied to that point 
in the molecule for reaction. It gives an upper limit. The endothermic 
thermal effect of the xeaevtion is 22 kilocalories, and gives a lower limit. The 
energy of activation transferred to this point of the molecule must therefore 
lie between those limits, and in all probability is not less than 30 or 40 kilo- 
calories. That amount of energy has to come out of the original 89 kilocalories 
which are absorbed by the carbonyl group, and it is more than can be trans- 
ferred from the excited group to the critical point in the hydrocarbon chain 
by a pure process of vibration. 
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We must therefore suggest some other way in which the energy can be 
degraded, I should like to draw the analogy here, without elaborating it, 
that we have something akin to an internal collision of the second kind — an 
inner sensitization/’ We are familiar with such processes between two 
colliding molecules. For example, an excited neon atom may react with a 
hydrogen molecule to break it into atoms. This only takes place when the 
excited and unc^xcited molecules are in close contact, and it is probable that 
the effect is dependent on resonance between the excited molecule and the 
primary process ; it is not difficult to imagine tliat the same may also be true 
here, and that something akin to the radiationless transfer of this kind takes 
place between the constituent groups of the polyatomic molecule. Further work 
will be required ; we want more data, and these are rather alow to be attained* 
Another point to which I sliould like to draw attention is this : the fluorescent 
spectrum of acetone has three diffuse bands in the yellow and green. It is 
difficult at first sight to understand how such diffuse fluorescence can be 
obtained from a molecule, but provisionally we have come to the conclusion 
that it may be explained as a type of reversed predissociation ; that is to say, 
that the molecule goes up to a stable upper level and drops back to a lower 
unstable level. This constitutes a new kind of primary process in which a 
molecule may fluoresce and decompose in one act. By subtracting the emitted 
quantum from the absorbed quantum, we can calculate the position of this 
unstable level, and find that it indicates an infra-red absorption between 8000 
and 10,000 A. This we have been able to confirm. It seems possible that 
this unstable infra-red level is identical with that reached thermally in the 
thermal decomposition of acetone. 

The photochemical method of studying the conditions affecting the inter- 
change of energy within large molecules is valuable because by means of the 
light quantum we can stimulate a given centre in the molecule, and observe what 
happens to some other part. In using the better known behaviour of diatomic 
and triatomic molecules as a prototype however, wo must not push the analogy 
too far ; it is probable that with new data now accumualting some new types of 
photochemical decomposition may appear. 

Mr. H, W. Thompson — I should like to speak for a few moments on the 
correlation of certain spectroscopic results with the corresponding photo- 
ohemioal data. 

First, however, I would agree with Mr. Bowen about the importance of 
certain general principles which have hitherto been somewhat obscured. 
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The first of these is that in polyatomic molecules a diffuse or even continuous 
absorption spectrum may for a variety of reasons not imply the occurrence of 
a dissociation process. As Henri has shown* for COClj and some other 
molecules, the three moments of inertia of a Y-shaped molecule containing 
relatively heavy nuclei are often so great as to produce a very dose packing 
of rotation lines in the bands. This packing can become such that the thickness 
of the individual lines is greater than their separation, and even under the 
highest dispersion available a resolution may not be effected. This considera- 
tion might a priori bo expected to apply to the Y-shapexl molecule acetone. 
With formaldehyde, however, the moments of inertia are smaller and rotational 
fine structure will bo detectable. Measurements on fluorescence may, as 
Dr. Norrish suggests, help to locate the real limit of predissociation but even 
here the evidence may be misleading if several neighbouring electronic states 
of the molecule exist. 

A second example in which diffuse bands in absorption do not imply a dis- 
sociation process is provided by sulphur dioxide. The spectrum consists of 
two distinct regions, the first stretching from 3800-2600 A and the second, 
quite different in structure, from 2300-higher frequencies. In the first of 
these regions there are both sharp and diffuse bands, the diffuseness being 
developed gradually towards higher frequencies over a considerable range. 
It is now thought that a predissociation limit is not involved here and that 
the diffuseness is brought about by a close approach of potential energy curves 
in the manner discussed by Franck, Sponer and Teller.t I shall refer to this 
again. 

The other general principle which I think it is most important to emphasize 
is the converse to the above, namely, that the observance of discrete rotational 
structure does not preclude the possibility of predissociation in the same region. 
As Mr. Bowen has remarked, this circumstance arises as a result of the greater 
complexity of polyatomic molecules than diatomic ones. The occurrence of 
predissociation is determined by whether the vibration of the molecule after 
initial absorption into such a configuration that a radiationless switch can 
occur takes place in a time shorter than a natural rotational period. In a 
polyatomic molecule undergoing a complicated Lissajou motion the time taken 
to arrive in the switch position may be rather long, giving the molecule time 
to execute a complete rotation. It is therefore clear that the position of a 
predissociation limit with a polyatomic molecule will be somewhat ambiguous 

• ‘ Proo. Roy. Soc.,’ A. vol. 128, p. 178 (1080). 
t ‘ Z. phys. Chem.,’ B, vol. 18, p, 88 (1032). 
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and often noticeably afEected by pressure conditions which may assist or 
retard the attainment of the switch position. 

It seems to me that the case of formaldehyde studied by Dr. Norrish* offers 
an example of this idea. The quantum ef&cienoy for the photochemical 
decomposition which, as Dr. Norrish has said, follows the equation 

HaCO + Av — ^ CO + Ha, 

is unaffected as the predissociation limit is passed. It is hardly likely tliat 
two essimtially different mechanisms, the one in the discrete region, involving 
a primary excitation process, the other in the diffuse region involving primary 
dissociation, could be compatible with this result ; and it is more reasonable 
to suppose that in the fine structure region predissooiation is incipient, the 
process in both regions being 

HjCO + Av + 

Mr. Bowen has suggested the tenn “ menolysis ” for this delayed dissociation. 
I had intended to suggest the word hysterolysis,” in accordance with other 
lag phenomena such as hysteresis. 

With regard to specific matters, I would only mention two series of investi- 
gations in which these problems, and others mentioned by Mr. Hinshelwood, 
arise. 

The first is in connexion with the photochemical decomposition of molecules 
containing the chromophoric group SOg. The absorption spectra of SOgClj, 
(CH3)jSOa, (C2H5)aS02 and certain other sulphuryl compounds such as 
CijHg . SO2CI appear to be essentially similar to that of 8O2 itself. As I have 
already said, this consists of two regions, one of sharp and diffuse bands 
ca. 4000-2500 A, the other beginning at m. 2300 A. 8O2CI2 is not photo- 
chemically decomposed by ultra-violet frequencies corresponding with the 
first system of diffuse bands at 3000 A. Photochemical decomposition 
does, however, occurf with light wave-length 2300 A, and what appears to 
be a fairly sharp predissociation limit is observed at about this point. 

That a case of delayed dissociation is involved here is strikingly shown by 
the marked dependence of the position of the predissociation limit upon 
pressure. 

The products of this photodissociation are SO* and CI2) &Kid the light energy 
absorbed by the SOg group must therefore be traiiaferred, in part at least, to 

* ‘ J. Chem. Soo./ p. 1518 (1932), 

tAndrioh, Kangro and Leblanc, ‘Z. Electrochem.,* vol. 25, p. 229 (1919); Traum, 

‘ Z. phys. Ohem.,’ A, voL 105, p. 356 (1922). 
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the S-Cl links. The quantum efficiency of the process has not yet been deter- 
mined, and it is not possible to state with certainty whether both Cl atoms 
leave the molecjule simultaneously or not. The energy quantum absorbed is 
almost certainly sufficient for this. 

It does seem, to me, important to remember that with many molecules of 
the type 


X 

X 


\ 

/ 


Y-^Z, 


deformation vibrations of the X-Y^ hnka are prominent in the absorption 
spectra. This will be important in connexion with the photochemical decom- 
position. With formaldehyde, wMch decomposes into Hg + CO, the magnitude 
of the H H deformation oscillation is as Herzberg* showed, ca. 830 cm~^ 
With COClg that of the Cl ^ — ► Cl is ca. 582 cm~^ ; with acetaldehyde that of 
CHg H is ca. 826 cm”^ ; and with other molecules it is of the same order. 

I am inclined to think that deformation vibrations of this kind may be 
very important in the decomposition of the molecule. 

It is interesting to remember that some time ago Goodeve and Steinf 
suggested that water, hydrogen sulphide, hydrogen selenide, and hydrogen 
telluride decompose photochemically, thus 

IV 


Objections have been raised to this, but it is not definitely disproved. 

With COClj the absorbed quantum would appear to be quite large enough, 
taking energy of reorganization into account, for the change COCl, — ►CO+Cl,, 
and other alternatives such as COCl, — ► COCl + Cl ought to be carefully 
reconsidered. 

I have recently been examining the absorption spectra of a series of com- 
pounds in which alkyl radicals are attached to a single atom in the molecule, 
such as Zn (CH,)„ Zn (CjH,),, Pb (CjH,),. These spectra often have a sur- 
prisingly simple appearance, and although their interpretation is less obvious 
there seem to be indications that deformation oscillations are prominent. | 
Marked dependence of the Zn (C,U ,), continuum upon pressure suggests that 
collisions are important in the decomposition. 

• * Trans. Faraday Soc.,’ vol. 27, p. 393 (1031). 
t ‘ Trans. Faraday Soo.,’ vol. 37, p. 378 (1931). 
t J. Chem. Soo., 193i, p. 700. 
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Similar considerationB to these appear to apply to the other sulphury] 
compounds which I have mentioned. For example, (C2H6)2®^2 decomposed 
in the far ultra-violet region into sulphur dioxide and a hydrocarbon residue. 
As yet the quantum efficiency of this process has not been measured, and the 
hydrocarbon residue has not been analysed. 

With regard to the mechanism of the photochemical decomposition of 
aldehydes and ketones, I am, as I gather Mr. Bowen is, still a little uncertain 
of the interpretation of the very extensive and beautiful results described to 
US by Dr. Norrish, I am of the opinion that these processes involve a primary 
excitation followed by a dissociation which may be quite considerably delayed. 
The existence of an excited molecule of relatively long life is in accordance 
with the fluorescence, the concurrent bimolecular polymerization, and with 
the very low quantum eificiency resulting from deactivation possibilities. 
The variation of the quantum efficiency with pressure in the decomposition 
of acetone, as found by Damon and Daniels,* is also in agreement Avith the idea 
of a delayed dissociation. 

I find it a little difficult to understand the reason for the essential difference 
suggested between the mechanism of decomposition for aldehydes and ketones 
respectively. As Dr. Norrish has shown, all lines of evidence indicate that for 
aldehydes 

R\ 

>0 — RH + C0, 

W 


but for ketones the intervention of free radicals is suggested : 

Ri\ I 

^CO Ri + R,CO. 

r/ 

The spectral evidence cannot decide between the two possibilities, and it 
seems to me that analysis of the products with mixed ketones must be the 
deciding criterion. 

I am inclined to agree with Mr. Bowen in regard to the difficulties involved 
in such analyses. It is surprisii^, if free methyl radicals ate first liberated in 
the decomposition of (CHg)2C0, that the reaction proceeds as much as 90% 
towalds ethane formation. I think more than 10% of subsidiary products 
might have been expected. 

The free radical theory appears to rest mainly on the analyses with methyl 
ethyl ketone. I have been thinking, quite apart from the points raised by 
* ‘ J. Amer. Chem. Boo.,’ vol. 66. p. 2363 (1933). 
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Mr. Bowen, of tlie difficulties of obtaining specimens of this substance which are 
quite free from the diet]) yl ketone. I believe that the purification is particularly 
difficult owing to the nature of the vapour pressure curves of mixtures of the 
different homologues and the close similarity of derivatives which might be 
used in a process of purification. 

It is, moreover, not at all clear how the products with methyl butyl ketone 
comply with the hypothesis of free radicals. 

Dr, Norrish has referred to the question of the real nature of the acetone 
continuum. Some time ago, using a 1 -metre colunm and pressures down to 
m. 0'5 mm, I took photographs of this continuum under high dispersion. 
Above 1 mm the absorption was continuous. At the lowest pressures a 
pecuharly symmetrical recurring system of diffuse bands was obtained. I 
believe that Dr. Snow has also obtained some indications of maxima in the 
continuum, but not quite of the same kind. Dr. Norrish has suggested to me 
that the effect I observed might have been due to an interference phenomenon 
caused by a shghtly incorrect alignment of the quartz end plates of the absorp- 
tion tube. There are several reasons why this is improbable, but it may be so. 
But the inferences to be drawn from the presence or not of such diffuse bands 
does not affect the view of the decomposition mechanism which I have sug- 
gested. The only point would be that the structure of the system might give 
additional evidence for the presence of deformation oscillations 


t CH 




ch/ 


:c = o. 


These may still be involved in the region of bands from 3000-3300 A which 
have not yet been analysed in detail. 


Dr. Norrish — In answer to Mr. Thompson, we were very careful to purify 
our methyl ethyl ketone by distillation. The origin of the methyl ethyl 
ketone (from aceto-acetic ester) ensures the purity from anything but traces 
of other homologous ketones. The purified product boiled constantly to within 
a tenth or so of a degree of the boiling point given in the International Critical 
Tables for the barometric pressure of the day. 

With reference to the low quantum yield in the decomposition of acetone — 
that is a point I rather missed when I spoke. According to the results of Damon 
and Daniels, there is with dry acetone no polymerization and only decom- 
position, and in that part of the spectrum which is whoUy continuous the 
quantum yield is no greater than 0*4. With these results our own experiments 
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are in agreement. There is no fluorescence in this part of the spectrum ; what 
therefore happens to those molecules which absorb light and do not decompose ? 
If we have the possibility of an Auger effect in the carbon atom of the excited 
carbonyl group, leading to the ejection of a CHg radical, it is conceivable that 
only 40% (say) of the molecules will actually decompose, and that this will be 
conditioned by their internal condition. In a polyatomic molecule such as 
acetone the several constituent groups are in one sense separate structurea 
with their own rotational and vibrational degrees of freedom, They can thus 
take from the C-C link some of the energy which would otherwise lead to decom- 
position, and we get the equivalent of a stabilizing collision. Thus the incipient 
decomposition is prevented, and we have instead a process of internal degrada- 
tion to heat. It is possible that external deactivating collisions also play 
their port. 

Mr. C. J. M. Fletchkr— Mr. Hinshelwood has given the conclusions which 
have been drawn from a study of the aldehydes. I should like to describe 
briefly the experimental results which form the basis of the association of the 
energy of activation with different parts of the molecule, for the different 
activatecl states which exist for the aldehydes. {Slides mre shovm,) 

The slide shows, for the same temperature, the variation with pressure of 
the rates of reaction of formaldehyde, acetaldehyde, and propionicaldehyde* 
For the last two molecules there are four definite segments, so that four inde- 
pendent modes of decomposition for each molecule may be distinguished. 
The simplest way to identify the different segments with activation of different 
parts of the molecule is to compare acetaldehyde on the one hand with formalde- 
hyde, and on the other hand with propionicaldehyde. 

The decomposition of formaldehyde is a simple bimoleoular reaction up to 
high pressures. For acetaldehyde also, the curve indicates that there is a 
reaction which remains bimoleoular up to the highest pressures used. The 
rate of reaction of formaldehyde is satisfactorily explained by the simplest 
tjrpe of activation, i.c., of two square terms. At high pressures the same is 
also true of acetaldehyde. It seems, therefore, that there is a bimoleoular 
decomposition of acetaldehyde, similar to that of formaldehyde, in which the 
energy of activation goes directly to that part of the molecule, whose activation 
is responsible for carbon monoxide being split off. 

The segment at the lowest pressures measured, may be identified by a com- 
parison of the curves for acetaldehyde and propionicaldehyde. As the slope of 
the line is greatest for this segment, the rate at which activated molecules are 
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produced in greatest for the associated reaction ; however, the energy of 
activation is considerably larger than at higher pressures, The8(5 two facts 
taken together, mean that the energy of activation is contained in many square 
terms. As this segment is relatively more important in propionicaldehyde 
than in acetaldehyde, it may be reasonably assumed that activation is concerned 
with that part of the molecule which is different in the two substances — i.e,, 
with the alkyl group. Tlxis hypothesis accounts for the large number of square 
terms concerned, and also for the fact that as the alkyl group is remote from 
that part of the molecule which is responsible for decomposition, the prob- 
ability of decomposition is small, so that the curve becomes horizontal at low 
pressures. The theory is further confirmed by an entirely different experi- 
mental fact. The primary products of decomposition of propionicaldehyde 
at normal pressures are mainly carbon monoxide and ethane ; but at lower 
pressures, hydrogen and ethylene appear in increasing proportions ; the extent 
to which they increase, agrees closely with the extent to which the lowest 
segment becomes more prominent. The reaction predominating at low 
pressures must therefore involve activation of the alkyl group, to account for 
the production of hydrogen and ethylene as primary products in the deoom« 
position of propionicaldehyde. 

It is not possible to associate the two intermediate segments with activation 
of any particular vibrations of the acetaldehyde molecule, but they may be 
connected with activation of the carbonyl group, or other vibrations concerned 
with the carbon atom of the — CHO group. 

Professor E. K, Rideal, F.R.8.— Since the time is very late I will shorten 
my communication to a few remarks. 

Ever since Professor Lindemann put forward suggestions for the mechanism 
of a unimolecular reaction, about thirty have been investigated. They have 
all involved the inference of a number of squared terms (S). We may note 
that as the internal energy has to surge into a particular link before deactiva- 
tion by a secondary collision occurs we are interested not only in the problem 
whether the necessary amount of energy is actually present in the molecule, 
but also if this energy be present how long it takes to migrate to the reactive 
bond. This problem in its turn involves the investigation of the influence of 
the molecular structure, i.e., the path by which the energy is conveyed both on 
the probability of energy transfer and on the time required for such transfer. 

In respect to the first point, viz., the amount of internal energy actually 
possessed by the molecules at the reacting temperatures I confess that I am 
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somewhat sceptical as to the realities of the magnitudes deduced by the 
application of the collision theory of activation. We may note that 25 squared 
terms are required for cyclopropane, 38 for tertiary butyl alcohol, 25 for azo- 
methane and 28 for ethyl azide. 1 cannot help suspecting that some of these 
reactions will turn out to involve chains, especially when we recollect that over 
the usual range of reacting temperature only one CH linkage in seven can 
contain a quantum of vibrational energy equal to ca. 2kT, and the main 
contribution to the internal energy must come from the heavy atoms in the 
molecule. More work on the specific heats of these substances is evidently 
desirable. 

The next consideration is, if the energy be really there, what are the relation- 
ships between the structure and the conditions of transmission of this energy. 
In the first place how far can E and S be correlated with constitutional factors.* 
The ethers (6 12 S terms) and the azo compounds (25-10 S terms) are the 
only homologous series studied hitherto and the former show no well-defined 
regularities. The increase in S effected by substitution of — 0 — for 
— N ™ N — would appear to be surprisingly large. The azo decompositions 
that have bcnm investigated, and the work is being extended to other compounds 
of this type by Dr. Gwyn Williams in my laboratory, do show a fairly regular 
change of E and S with increasing molecular complexity, as shown in the 
following table, all computed with <j 3-6 cm. 


Strncturo 


Temparature range 


E 

Energy of 
activation 
cals./gm. mol. 


S 

No. of square 
terms 


CH3--N - N— CH, 

/'H. 

CH,-N = N— C;f-H 
\CH, 

H-^N = Ncf-H 
CH,/ \CM, 

C,H,CH =. N- -N » C.HC,n, 
N - N-CH,C,H, 


270- 

- 330 

51,200 

25 

25<i • 

- .330 

47,430 

33 

250 ~ 

- 290 

40,900 

>40 

318- 

-353 

57,000 

>32 


Gaseous decomposition at 200® 


We may note that whilst E changes relatively slightly the number of squared 
terms rises rapidly with the increase in molecular complexity ; also from a study 
of organic reactions in solution we may conclude that constitutional influences 
are operative over a considerable distance in the molecule, although damping 
in a carbon chain usually occurs after the fourth carbon atom. It is, of course, 
also well known that the relative chain lengths in chain reactions are subject 

* The value of S may be aSeoted by a sterio factor, and by incomplete redistribution of 
energy in molecular ooUisionii. 
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to large variations and a comparison of chain lengths in well-evStabliahed chain 
decompositions with molecular complexity would appear important. 

Another method of approach to the problem of energy transfer is to ensure 
that the reacting group is maintained constant, attach to it another group, 
which can grow in a homologous series, and examine the effect of chain length 
on E and S. This problem is at present under examination by Dr, Melville, 
who has commenced a study of a simple polymeric reaction. The scanty 
evidence derived from technical sources suggests to us that frequently in 
building up a polymer we are not dealing with a bi-molecular reaction between 
first of all simple molecules followed by a sequence of bimolecular reactions 
between bi- and tri-merides (and so on) respectively, but that simple molecules 
add themselves progressively to growing chains and that as the chain gets 
longer the facility of addition increases but not indefinitely. If this view be 
correct the properties of the growing polymer must surely be a continuous 
function of its size and thus certain generalized equations may be used to 
describe the behaviour and so yield some information about the mechanism 
of the growth, the number of squared terms involved, the target area and the 
energy transfers involved. 

Naturally conditions are most favourable in the gas phase at low pressures. 
The results of a preliminary investigation on the polymerization of acetylene 
by light from a mercury vapour lamp in the presence of mercury vapour lead 
to some interesting conclusions. 

Without going into experimental details the facts (at pressures from 0*01 
to 10 mm) are (a) that the reaction consists in association of an excited mercury 
atom with an acetylene molecule, this complex then participating in a series 
of colhsions with normal acetylene molecules thus building up a polymer, the 
photochemical chain length at room temperature being about 10, and rising 
gradually to about 100 at 250"" C,, and subsequently decreasing to about 60 at 
600° C (ft). The chain length is independent of pressure, of intensity of light, 
and does not appear to depend on whether the tube is packed ot not. It may be 
added that there is evidence for a secondary polymerization of the products 
of the photo reaction on the walls of the reaction vessel. 

The reaction kinetics are thus reasonably simple and permit, therefore, a 
quantitative enquiry into the details of the process. The experiments lead to 
the conclusion that termination of the chains, i.e., a cessation of increase in 
size of the polymer, occurs by the collision of a chain carrier (polymer) with 
an acetylene molecule and not by the collision of two (polymer) carriers nor 
by the spontaneous decomposition of the carrier. Similarly, however, the 



Discussion on Energy DistrUrution 


269 


propagation reaction involves the collision between the chain carrier and an 
acetylene molecule. The absolute value of the length of the chain, i.e., the 
polymer size, and its variation with temperature will therefore be determined 
simply by the nature of the energy transformations involved when an acetylene 
molecule hits a polymer molecule. The first problem is thus to evaluate 
the ratio and if possible the absolute value of the velocity coefficients for the 
propagation and termination reactions. 

Two extreme situations may be imagined, (a) There are two separate 
kinds of collision involving difEerent energies of activation, numbers of square 
terms and steric factors. (6) There is only one type of collision and the 
subsequent emergence of a chain carrier from the collision is deternuned by 
the probability of the distribution of energy in the collision complex itself, 
which may vary with temperature. 

Suppose kit k^t ■-» and k\t A'j, i'3, denote respectively the velocity 
coefficients for propagation and for termination then it can be shown, by 
setting down the equations expressing the stationary concentrations of each 
individual polymer molecule, that the chain length is given by the equation 

V = 1 + (iH 1 X ^2 4- ... — ... 1. 

^ I ^ *1 + A'/ *1 + k\ + k\ ^ k^ -f- k\ + k'^J 

If, for simplicity, it is assumed that k\jki = k^jk^ = x then 

If X is not too small the series converges rapidly and therefore sumnung to 
ao terms 

V = 2 4" I/^> 

when the chains are long 

V = 1/a: 5= kjk'x — == */*' 

where a and a' are coefficients containing (a) the factors to increase the rate of 
activation when the number of square terms exceeds two, and (6) steric factors. 
The chain length increases with temperature and hence E — E' must be positive, 
and is actually at 26® C, 4000 cal. The quantity «" is therefore much 

loss than unity, but since v is 10 at 26°, a/«' is very much greater than unity 
and is equal at 26° C to 3 X 10*. 

This calculation rules out the possibility that the propagation or termination 
of the growth of the polymer is determined by an energy distribution in a given 
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collision. The next problem ia to separate sterio and square term factors. 
Progress is now less certain, but considering the steric factors first, it is probably 
trxie to say that only a comparatively small portion of the growing polymer 
molecule has the property of adding on an acetylene molecule, while termination 
might occur by partial disintegration of the polymer by an impact of an 
acetylene molecule at any part of the polymer, and thus there should be a 
large steric^ factor for propagation whereas in fact the reverse state of affairs 
exists since a > 

On account of the cliain length reaching a maximum, i.e,, dyjdt == 0 , then 
€ 1 ^ ~ (E - EO/RT*, 

and therefore a/a' must be a function of the temperature. Hence it is the 
variation in this quantity which has the effect of counterbalancing and finally 
more than counterbalancing the increase in cliain length brought about by the 
factor 

Including square terms and steric factors (F and F') 

a _ F (S7.-1)! 

a' ' F'(E 7 Rp'/-~'> ( 8 / 2 - 1 )! 

whence 

(Un a/a' _ HS' - S) 
rfT T 

i(S - S') - (E - E')/RT or S-S'=- 8 . 

Thus at 250® C eight more square terms participate in propagation than in 
termination. 

Until the absolute value of E or E' is determined the absolute value of 8 , 
S' and F and F' cannot be determined. 

Preliminary experiments using a method which need not be described here , 
indicate that E is of the order 5000 cal. 

It is interesting to note that under these conditions, ethylene does not 
polymerize in a manner similar to acetylene, and no increase in the velocity 
of polymerization occurs when the temperature is raised from 16® C to 300® C. 

Mr. Ubbelohde — The point of Mr. Hinshelwood’s observations -has been 
that in thermal activation there is no evidence that there is anything but an 
increasing number of vibrations of the molecule in the ground level. Further- 
more, the observation of Richards and Reid* likewise only dealt with the ground 
• * Nature/ vol. 130, p. 739 (1932) 
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level The curious thing that has been observed there is that not every collision 
between molecules leads to the transfer of vibrational energy ; only one in 
10^ may be efiective. Nevertheless, certain impurities, such as hydrogen, are 
far more efficient in promoting this exchange of the translation of vibration 
than ethylene itself. Consequently, from the point of view of reaction mechan- 
ism, when we find catalysts such as Mr. Hinshelwood has found — hydrogen 
in the decomposition of aldehydes and ethers and iodine in the decomposition 
of ethers — it is interesting to enquire whether the physical investigation bears 
out the simple interpretation that the effect of these catalysts is simply to 
favour the transmission of vibrational energy in the ground state. 

I just want to make one remark about the sort of physical tests we use at 
the moment to check the chemical equations. The chief method is the change 
in velocity of sound with frequency. If the impurity which is found to have 
the catalytic effect promotes exchange of vibrational energy it will, of course, 
shift the region of dispersion. Another physical check comes from thermo- 
conductivity. In the same way, if the impurity affects the sound transmission 
it likewise raises the thermo-conductivity of the gas abnormally. 

Another point is that we know from the qualitative theory of the transmission 
of vibration to molecules that unless the molecules penetrate fairly deeply 
into one anothor^s fields, transmission will not take place. Consequently, 
if hydrogen is more effective in exciting vibrations of ethylene than ethylene 
itself, we expect to find other physical evidence for such a penetration. In 
the ethers there is indeed evidence that iodine in the vapour state has some 
very loose combination with ether, with a heat of formation of 3k. cals., 
this indicates penetration by molecules to an abnormal extent, comjmred with 
the ordinary Van der Waals’ attraction. 

Mr. Hinshelwood, in reply — The points raised have been so varied and 
interesting, and some of them so much beyond my power to deal with, that to 
summarize would be rather difficult. We have seen what an extraordinary 
variety of phenomena come within the scope of this discussion. On the 
question that Mr. Ubbelohde has just asked, I suggested to Dr. Fromherz, of 
Munich, who worked in my laboratory last summer, that substances which 
form addition compounds with acetaldehyde at low temperatures mi^t 
catalyse its decomposition at high temperatures, but experiments which he 
made gave negative results in this respect. 


VOL, CXLVI,— A. 
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The Dark Interval in Mercury Fluorescence 

By Lord Rayleigh, F.R.S. 

(Received May 18, 1934) 

[Plate 1] 

This phenomenon was originally described by R, W. Wood.* * * § He found 
that when a rapidly moving current of mercury vapour was excited by the 
aluminium spark, the green fluorescence did not start at the point at which 
excitation was applied, but that an interval could be observed in which the 
vapour was dark. He also found that the fluorescence of wave-length 2537 
corresponding to the resonance line, which accompanies the green fluorescence, 
showed a dark interval. Some other authors have also written on this effect. 
Pienkowskif obtained it under certain conditions with mercury arc excitation, 
but left it open whether the excitation was to be considered atomic or mole- 
cular. It has also been discussed by Gaviola.{ 

It seemed that further work was called for since the dark interval phenomenon 
may be crucial for determining the real relationship between the numerous 
and complicated phenomenon of mercury fluorescence. 

The methods used are largely the same as those in previous work on kindred 
subjects, § but it has been thought best to make the present paper as far as 
possible self-contained. 

The general aim was to separate the various features of the mercury fluores- 
cence spectrum, and to observe the presence or absence of a dark interval in 
each under varied conditions of excitation. This can be done, at any rate 
in principle, by the spectroscope, but I have succeeded much better by direct 
photography through suitable Alters. This method allows of a large aperture 
and comparatively quick exposure. It gives a complete and distinct picture 
in each spectral region and the results are in practice much more convincing than 
when we are limited to the narrow section of the field included by a speotro- 

* ‘ Proc. Roy. Soc.,’ A, vol. 99, p. 382 (1921). 

+ * Ann. Physik; voL 50, p. 787 (1928). 

X ‘ Phys. R^v.; vol. 33, p, 1026 (1929). 

§ * Proc. Roy. Soc,; A, vol. 125, p, 1 (1929), (1) ; vol. 132, p. 660 (1931), (H) ; rol 136, 
p. 617 (1931), (HI) ; vol, 137, p. 101 (1932), (IV) ; vol. 139, p. 507 (1932), (V),, 
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Bcopio »lit* Farttmately it is possible to find statable filters to separate well 
enough the regions of the fluorescence spectrum to be studied. These are 

(a) The visual green continuous region, with photographic maximum at 
4850. This is isolated with Wratten No. 2 filter (aesculene) cutting off all 
wave-lengths less than 4000. In some cases a Wratten yellow filter No. 12 
is preferable. 

(b) The ultra-violet continuous region with maximum at 3300. This is 
isolated by a silica cell containing bromine vapour, not quite saturated, and 
6 cm thick, combined with Schott’s blue uviol glass (W.G.3 in his catalogue), 
1 mm thick. This has maximum transmission at about 3300, cutting off all 
visual light, and all light of wave-length less than about 2900. 

(c) The resonance line 2537. This is isolated by a chlorine tube 15 cm in 
length combined with 6 cm of bromine vapour. This combination cuts out 
the regions (a) and (6). 

jCTTZ 

2537 3300 4850 

Fio. 1 

For taking some of the earlier photographs, a quartz lens was used. This, 
however, involves rather troublesome refocussing for the ultra-violet, which has 
to be done by calculation. Later, a quartz-fiuorite achromat of 2*5 cm 
aperture and 10 cm focal length was substituted and proved very useful and 
convenient. 

The present work is essentiafly exploratory and it is convenient to describe 
the experiments rather with reference to technique than to logical order. The 
results will be classified and summarized at the end. 

The apparatus first used is shown in fig. 2. It is of fused silica. Mercury 
vapour passed up from the boiler through a 1 cm square tube made of ground 
and polished plates. It was condensed above and ran back by a side tube. 
By introducing gas pressure (nitrogen) into the condenser, the pressure of the 
vapour is controlled, but owing to the opposing vapour stream, no appreciable 
admixture of nitrogen is present in the square observation tube. A diaphragm 
3 mm square was placed over the entrance wall, and the source focussed on this 
aperture. Wood’s experiment with aluminium spark excitation was repeated, 
using a quartz lens of 2*6 cm diameter and 2*6 cm focus as condenser. The 
effect is best developed at as low a pressure as possible, but diminishmg 
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luminosity sets a limit to this, and 5 mm seemed to be about the best com- 
promise under the conditions. The dark interval was well seen, and was also 
well photographed (reproduction I) Plate 1, using a yellow filter (Wratten 12) 
over the camera lens and a panchromatic plate. The track along the beam is 
due to false light reflected by the droplets of condensed mercury. It caimot well 

wArrn be avoided, because no filters are avail- 
able to cut ofi visual light of the source, 
while retaining the extreme aluminium 
lines 1862 and 1864 which are chiefly 
effective. However, it serves to mark 
out the track of the exciting light ; the 
dark interval between this and the 
fluorescence is very conspicuous. 

Without altering the conditions of ex- 
citation, photographs were taken to 
bring out the fluorescence in 2537 light, 
using the combined chlorine and bro- 
mine filters. The result is seen in repro- 
duction II, Plate 1. The fluorescence 
rises as before, but there is no sign of a 
dark interval, in marked contrast to I, 
There is a discrepancy here from Wood’s 
conclusion, which certainly seems at 
first sight to be borne out by the photo- 
graphs he reproduces. I hardly see at 
present whet the essential difference in 
the conditions can be, though the 
optical technique used is somewhat 
different. But even after allowing for 
the fact that Wood’s evidence has to 
be judged from the reproduction and 
not from the actual photograph I think 
it may perhaps be claimed that the 
present evidence is clearer, and it is 
further reinforced by reproductionsVHI 
and IX, Plate 1, of the present paper (see below). 

After these experiments with the alummium spark, similar ones were made 
using the mercury arc as a source. 
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As so often emphasized before*** it is necessary to distinguish between the 
cooled mercury lamp giving the atomic resonance line, 2537 (core excitation) 
and the hot lamp, in which the core of the atomic line is lost by self-reversal, 
and the band extending from 2537 on the long wave side is operative (wing 
excitation)* * 

Many attempts have been made to detect the dark interval in the visual 
fluorescence, using core excitation, and a variety of conditions, with pressures 
from 5 mm down to 0*2 mm. A blue corex glass combined with a bromine 
cell cut down practically all visual light from the source and the exciting beam 
was in some tests narrowed down to ^ mm vertical light and the intensity 
made as low as practicable. Reproduction III, Plate 1, shows one of the 
experiments at 2 mm pressure. No trace of the dark interval was ever seen or 
photographed. 

If the cooling fan was removed, and the mercury lamp allowed to warm up, 
the wing effect came into evidence, and as soon as this happened the darh 
interval could be detected. Photographs were taken in visual light through 
Wratten No, 2 filter to show the distribution of 4860 light. Reproduction 
IV, Plate 1, is one of these, at 6 mm pressure. 

This experiment was repeated with conditions unaltered, except that the 
photographs were taken in 3300 light, using a bromine cell combined with blue 
uviol glass over the camera lens (see reproduction V, Plate 1), There is now 
little, if any, evidence of a dark interval, and certainly much less than in the 
light of 4860 (compare IV and V). VI, Plate 1, is taken under the same 
conditions as IV and V, but in the light of the resonance line, with chlorine 
and bromine filters over the camera lens. This is introduced for the sake of 
its remarkable contrast with the result obtained under the same conditions 
with the aluminium spark (see above comparing II and VI). It has already 
l^en shown in detail! that with wing or core excitation the 2537 luminosity 
does not commence to move along the vapour current until the presence is 
much lower than is needed to make the 4860 luminosity show this effect. 

Finally, visual experiments were made with iron arc excitation. Here 
again the dark interval was seen and photographfid in the light of 4850, see 
reproduction VII, Plate 1, The dark interval is apparent but less conspicuous 
than with the aluminium spark, and also, it is thought, leas conspicuous than 
with the wing excitation from mercury. 

* Paper I, p. 8, and also in later papers, 

t See paper I, Plate 2. 
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Having got as much as seemed feasible out of this experimental arrangement 
(fig. 2), I reverted to a different one (fig. 3) which has a much larger boiler, 
and uses downward instead of upward distillation of the vapour. This is an 
advantage in that condensed drops do not fall back into the path of the beam 
and the increased boiler capacity allows of a rapid stream under lugher pressure 
and therefore with improved luminosity.* On the other hand, it does not 
lend itself so weU to continuous circulation of the working fluid, and is some- 
what cumbrous and fragile. It has already been figured and described in 



paper V, p. 512, The nozzle, it may be recalled, has 3 mm square bore and 
delivers mercury vapour into a casing 20 mm square bore. The latter contains 
nitrogen at any desired pressure and this pressure determines the pressure of 
the mercury in the jet which comes out from the nozzle. As shown in the 
former paper, the mercury vapour by exposure of a strong beam of the exciting 
light focussed on this nozzle is made luminous, and comes out in a well-defined 
jet. If the pressure of mercury in the boiler exceeds about double that around 
the jet, the jet has periodic swellings (paper V, fig. 4), which are of the nature 

* Neither arrangement is regarded as having reached a final form. 
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of atationary sound waves. These, however interesting in themselves, are a 
source of complication for the i mm ediate purpose, and the heat under the boiler 
was so regulated that they were not produced. 

It is not necessary, however, to apply the exciting beam at the nozzle, as 
was done in the previous work. The jet of issuing vapour may be made 
luminous by exposure to the exciting beam at any part of Us course. It may 
issue dark from the jet, and be made luminous by crossing the path of the 
exciting beam in the open (fig. 4). In this way we can observe the detailed 
circumstances right away from the silica walls, and from the false light which 
they unavoidably introduce. This is an important technical improvement.* 
Using this method in this form there was no difficulty in observing the 
delay effect similar to that found by E. W. Wood. In particular, it was 



Fio. 4 Fia. 5 


clearly [seen with the aluminium spark and the mercury arc, running hot 
so as to give molecular excitation. Photographs were also taken with 
the latter in visual light, and show definitely that there is a dark 
interval. With this arrangement the rapidly moving mercury stream is 
quite distinct from the quiescent nitrogen atmosphere all round, but it is 
difficult to arrange the conditions so that the latter does not contain some 
mercury vapour, and this mixture gives a strong fluorescence, so that the 
convergent cone of exciting light is well marked out except where the descend- 
ing jet crosses it (fig. 6). At this point there is a gap, free from luminosity, 
and representing the dark interval. Below it, the jet becomes luminous. 
Under favourable circumstances, this luminosity is outside the track of the 
original beam, starting at about the lower boundary of this beam. In this 

* By this method it may bo shown, if indeed that, were necessary, that the periodic 
swellings, when they occur, are already present in the jet of dark mercury vapour, and 
come into view whenever the exciting radiation is applied, whether at a node or at a loop. 
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paxticular form of experiment, I have not been able to get a wider Beparation* 
This form of experiment throws some light on the character of the motion near 
the jet. It is obvious that there cannot be a discontinuity of velocity in the 
full mathematical sense as we enter the jet laterally ; and, in fact, the motion 
outside the jet is visible by the viscous dragging down of the self-luminous 
atmosphere on either side of the jet, as indicated in fig. 6.* 

I have so far been speaking of experiments in which the principle of working 
right away from the neighbourhood of solid walls has been fully adhered to. 
There are advantages, however, in so far departing from this principle as to 
have the jet of mercury vapour moving very close to the surface of a sheet iron 
screen and parallel to it. The exciting beam enters through a slit-shaped 
aperture, measuring 1 mm in the vertical direction (i.e., that of the jet) and 
open at the front end, so as to allow the level of excitation to be seen. Such a 



Fio. 6 Fig. 7, 


screen, placed near the jet, does not seem to affect it in any way and the slit 
allows of a much more definite limitation of the exciting beam than would 
otherwise be possible. This is, of course, all-important if a dark interval is 
to be looked for. Photographs are taken approximately in the plane of the 
screen, and the point where the jet leaves the exciting beam is very well defined, 
particularly if we concentrate attention on a stream line as close as possible 
to the plane of the iron screen. 

Using this arrangement (fig. 6) with 2 cm pressure, various sources were 
examined. The general type of picture is indicated diagrammatically in 
fig, 7. The plane of the iron screen is indicated by the dotted line, which, 
however, to avoid confusion, is omitted at what is, in fact, the critical place, 
namely, in the neighbourhood of the slit. The incident cone is marked out by 
fluorescence, indicated by heavy shading and the descending jet shows 

♦ The photographs in this case, though clear and unambiguous enough, are not well 
suited to reproduction, owing to the great range of intensities. 
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fluorescence indicated by the lighter shading. These features will readily be 
traced by comparison in the actual photograph (reproduction X, e.g.). 

With this arrangement (fig. 6) at 2 cm pressure in the receiver various sources 
were examined. Using a mercury lamp in the ordinary way (not cooled) 
with 62 volts at the terminals, and with chlorine and bromine filters to cut out 
stray light, the effect as seen visually was photographed, using a Wratten 
No. 2 (aesculene) filter to cut out any ultra-violet light. The picture (not 
reproduced) shows the lag in time of the visual luminosity very clearly. 

The same experiment was repeated using iron arc excitation, with chlorine 
and bromine filters over the source. In this case also the dark interval appears 
very definitely in the photographs taken in the light of the maximum 4860, 
though the result was perhaps no quite so conspicuous as in the previous case. 
The jet becomes luminous as, or after, it leaves the place of excitation (repro- 
duction X). A pair of photographs, reproduction XI, taken in quick succession, 
and under strictly comparable conditions, in the light of 4860 (loft) and 3300 
(right) shows the dork interval in the former but not in the latter. 

With the aluminium spark, it was found desirable to work at a lower pressure, 

1 cm of mercury. Under these conditions, and if* the heat under the boiler 
was suitably regulated, it was found possible to avoid the presence of mercury 
vapour in the surrounding nitrogen atmosphere, so that there was no fluorescence 
in the incident cone, but only in the jet itself. This makes the interpretation 
in some respects clearer. 

Satisfactory photographs were taken in the light of 4850 (reproduction VIII) 
and in the light of 2637 (reproduction IX). They reaffirm even more emphati- 
cally the conclusion reached before that 4850 alone shows the dark interval. 
Photographs were also taken in the light of 3300, but it was foimd extremely 
difficult to get rid of false light, for the source has strong lines in this region, 
and no filter was available to remove them. The trouble was to some extent 
overcome by the method of focal isolation, combined with various screening 
devices. The photographs are not clear enough for reproduction, but they 
gave no suggestion of a dark interval, and were considered to prove that none 
exists. 

Summarising the above experiments, it appears that the phenomenon of 
the dark interval only occurs in the visual mercury fluorescence, which has 
continuous spectrum, photographic maximum 4850» and visual maximum in 
the green. The ultra-violet maximum at 3300 does not show it, nor does the 
fluorescence at or near the line 2637. Further, even in the visual fluorescence, 
the appearance of the dark interval is dependent on the source of excitation. 



&l»mo«6c(«i^<moa8whent]M alniJUiiima^ or oadltiiiim 
<«zoiting on the long-ware aide of the l^g-- l^Pj fine of mtmuyi kK 
<>ozEspicuou0 with the hot mercury lamp or the iron arc exotting m the kmg 
wve side of the I ^So~2 line of mercury ; and altogether absent with 
Ihe cooled mercury arc, exciting exactly at the 1 ^^—2 ®Pi, line of mereoty 
<atomic excitation). 

These are the observed facts. Some negative conclusions at any rate may 
be drawn from them. We cannot attribute the dark int^al in general to 
the time interval required for taransition from the 2 to the 2 *P state of the 
molecule ; for it occurs in some cases when only the 2 •? state is involved. 
Further, we cannot attribute it to any delay in forming molecules from 2 *P| 
atoms ; for the case when we start from the 2 ’Px atom is precdsely the case 
when we do not get it. The same argument shows that it is not inherent in 
the final process which leads to the emission of the green visual fluorescence. 
I do not think that we have at present the necessary key to a definite 
explanation. 


EXPLANATION OP PLATE 

The •arrow in each case shows the axis of the exciting beam. All photographs are 
aottud sise except VIII and IX which are enlaiged twofold. 

I- ~*IUsing stream. Aluminiura spade excitation. 5 mm pressure. Visuallight. Some 

stray light in the path of the beam. Above this, note dark interval, then duoresoenoe. 

II— *The same, in light of X 2587. Dark interval absent. 

m— Rising stream. Cooled marouiy lamp excitation. 2 mm pressure. Visual Ug^t. 
Dark interval absent. 

IV— Rising stream. Hot meroury lamp excitation. 5 mm pressnxe. Visual light. Note 
dark interval. 

V— The same in light of X 8800. Daik internal absent. 

VI— The same in light of X 2587* Dark interval absent, the fluorescence scarcely moving 
along the stream at all 

VII— Rising stream. Iron arc excitation. 5 mm pressure. Visual light. Note dark 
interval. 

Till— Descending stream. Aluminium spark excitation. 10 mm pressure. Visual 
light. Note dark interval 

IX— The same in light of X 2587. Bark interval absent. 

X— Descending stream. Iron arc excitation. 20 mm pressure. In visual Note 
dark interval 

XI— Descending stream. Iron arc excitation. 20 mm pressure. In visual light. 
Note dark interval (not quite so unSl shown as in previous, but strictly comparable 
with XI, right). 

XI— ^ight. Same. In light of X 8800. Diuk interval absent. 




I* roc. Roy. Soc., A. ool. 146, Plate I. 
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On the Technique of the Counter Controlled Cloud Chcnrher 
By P. M. S- Blaokktt, F.B.S. 

(Reoeired May 18, 1984) 

[PLATHa 2 and 3] 

1 — General ContidenUiom 

The method by which very fast atomic particles are made to take their own 
oload photographs has proved very osefol for the investigation of oosmic rays. 
A short account of the method and a detailed account of the results obtained 
by its use have already been given by Blackett and OochialinL* 

Recently Locherf and also Anderson, Millikan, Neddermeyer, and Pickeringt 
have used the same method and have obtained some beautiful results. 

The method consists in tising two or more tube counters to detect the passage 
of a high energy particle through a cloud chamber. The deotrical response 
of the counters is then made to actuate the cloud chamber by means of relays. 
In order that the cloud tracks so formed should be furly fine, it is necessary 
that Bupersaturation of the vapour should be attained very quioldy after the 
passage of the ray. 

Kow when a fast particle traverses a it produces an equal number of 
positive and negative ions within a narrow oylindrical column. Ifeglecting, 
at present, recombination and the effect of tiie electric fidd, these ions will 
diffuse away from their starting-point according to tibie diffusion equation, 
490 that after a time t their distribution will be given by$ 

where Vg is the total number of ions of both signs per cm of track md D is 
the diffunon ooeffioimit of the ions. If at a time v after the passage ai the ray 
the supersaturation of the vapour reaches tiie ontioal value for condossation 
on the ions, tihe mobility of the ions will then be suddenly reduced neady to 
aero, So a ihotogra|ih of such a track, taken a short time after the attainment 

* 'Katum,* vei. 180. p. 868 (1988)i 'Proo, {toy. Soo..’ A, vd. 180, p. 689 (1988). 
t * Vhys. Rev.,’ vol. 44, p. 779 (1988) t * I%ys. Her..' vol. 48. p. 979 {1982). 
i ‘ Phyu Bov.,' Vel. 46, p. SS7 (1984). 
i Ja% ' Aim Physik,’ vd, 48, ^ 
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of supersaturation, will give the projection on, say, the zx plane of the instan- 
taneous position of the ions at time t . The number of ion images in a strip 
parallel to OZ and of width Sx is 


No 

47rDT 





e 


dt/i 


so the superficial density of the ion images p (x) = dn/dxy at a distance ar 
from the centre of the image on the photographic plate, is given by 


or 

where 


P (^‘) = 


V47rDT 


e 


X* 

41 ),, 


P (») — Po« 


po — 


V iTrDx 


( 1 > 

(U> 


It is convenient to define what may be called the 90% breadth as that 
width of the image which contains 90% of the ion images. This is found to be 

given by 

Xi==;=4-68V'D^: (2> 

Since the mean value of D for the positive and negative ions* in air at N.T.P. 
is 0-034 cm^ sec^^, we have Xi = 0-86V v cm at KT.P. So if we demand that 
the tracks shall not be more than 1 mm broad, then we must have t not more 
than 1/70 second. 

We can reasonably allow half this time for the release and half for the 
fall of the piston. If the piston has to move 1 cm in 1/140 sec, then it will 
require an acceleration of about 50 g, where g is the acceleration of gravity. 
iSinoe the necessary acceleration a for the piston to move a given distance 
in a time x is proportional 1/x*, and since from (2), x ^ X*, we have a oc 1/x*.. 
So to obtain tracks | mm broad, one would need an acceleration of 800 g. 

From the same considerations it follows that for a given force applied to the 
piston, the breadth of the tracks is proportional to the fourth root of the mass 
of the piston. 

It is clearly of importance to make the distance the piston has to move as 
small as possible. For a given initial height of chamber this distance depends- 
on the expansion ratio required, and this depends on the gas and on the vapour 
used. We have so far used air and water, which require an expansion ratio* 

♦ Thomson, “ Conduction of Elootrioity through Gases," vol* 1 , p. 77 ( 192 B). 



The Counter CofUrdled Cloud Chamber 


283 


of about 1*30. But by uaiug a mouatomic'*' gas, say, argou, in conjuuctiou 
with a vapour such as alcohol, the necessary expansion will be about 1*12. 
This will allow still finer tracks to be obtained, or alternatively a larger and 
deeper chamber could be made to give the same breadth of track. 

Since the diffusion coefficient D is inversely proportional to the pressure, 
the breadth of the tracks will be inversely proportional to the square root of 
the pressure of the gas. 


2 — The Movetmnt of the Pistmi 

There are two main ways of making the piston move. In the first, to which 
the calculation made above is relevant, the force is applied to the piston pre- 
viously to the arrival of the ray. The piston is kept from moving by a catch, 
which is then released when the ray arrives. Now a piston of, say, 13 cm 
diameter, which is sufficiently rigid for this method to be used, could hardly 
be made lighter than 1 or 2 kg. Thus to give an acceleration of 50 g a force 
of 50 to 100 kg is required. It is not quite easy to release such a force by a 
catch in 1/150 second. 

The alternative method is to apply the force only after the ray has arrived, 
and the simplest mcthodf of doing this is to apply the force by a sudden altera- 
tion of the pressure on the two sides of the piston as in 0. T. R, Wilson's 
original technique. With this method a very much lighter piston can be used. 
Since now the force on the piston increases with the time, its displacement will 
vary approximately as t®, and so the breadth of a track will vary roughly as 
the sixth root of the mass of the piston. 

Since a cloud chamber for use with cosmic rays must be placed in a vertical 
plane, the liquid seal method of C. T. R. Wilson cannot be used. Hence the 
piston must be kept tight either by means of oil lubrication between accurately 
machined sur&ces, as was used by AugerJ and others, by the use of oil lubri- 
cated piston rings of some kind, or by the use of a flexible material, such as 
rubber or thin metal. 

Preliminary experiments were made with the first method, but it was found 
that it was difficult to keep such a ground piston tight except by using an oil 
of such viscosity that the viscous forces made the expansion rather slow. 

^ Looker {Uk, ciU) has recently used argon and water vapour in a tube-controlled cloud 
chamber. 

t Various explosion methods have been considered but none actually tried. 

} * Ann, Physique,* vol. 6, p. 184 (1926). 
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Suppose that the clearance between piston and cylinder is about 25 |jt, then 
at a mean velocity of 150 cm per sec the viscous force on a piston whose 
cylindrical surface has an area of 300 sq cm and is lubricated by, say, H3rvak 
pump oil with a viscosity of 10 c.g.s. units in about 180 kg. 

The breaking force of a lubricated leather piston ring would certainly be 
smaller than this, but we doubted whether it would be really|tight and therefore 
did not try it. The new type of chamber using a fixed gauge as the floor of 
the chamber, recently described by C. T. R. Wilson,* is clearly very suitable 
for use with the tube controlled method. 

3 — The Design of the Chamber 

These various considerations led us therefore to design the chamber shown 
in fig. 1. The piston, A, was made of aluminium alloyt and together with the 
hollow piston rod of monel metal weighed only 280 gm. The chamber was 
made tight by means of the flexible diaphragm B, made of reinforced rubber 
1 mm thick. The chamber was usually filled with oxygen at a pressure of 
about 1*7 atmospheres. The space under the piston which can be closed by 
a light valve E, is filled with air, before the expansion, to the same pressure 
as in the chamber. The amount of the expansion is governed by the position 
of the nut H on the piston rod. 

The expansion is made by moving a trigger F holding the valve closed (see 
also fig. 2), The valve weighs about 20 gm and has an area of 5*3 sq cm. 
The pressure on it is 0-7 atmosphere so that when released it starts to move 
with an acceleration of 160 g. 

The dead space under the piston is made as small as possible, so that little 
more air shall have to flow out of the valve than is made necessary by the 
movement of the piston. 

An oscillograph record of the movement of the piston is shown in fig. 18, 
Plate 3. From this it will be seen that the piston takes 0*006 second to 
travel its full movement of 1 cm that it then bounces a little and finally comes 
to rest 0.008 second after the start. Its maximum velocity is about 280 cm 
per sec, and its initial acceleration is about 80 g. 

The quick deceleration of a piston moving with this velocity requires careful 
consideration. The method adopted was the simplest possible one, that of 

• ‘ Proc. Koy. Soo,,’ A, vol 142, p. 88 (1933). 

t A bare aluminium surface has a detrimental effect on the track formation. So the 
piston was covered with black enamel. 
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allowing the piston to fall flat with most of its area on to the thin rubber sheet 
0, which covers the floor of the casting. By this means the piston is brought 
to rest within less than a millimetre, with not mudi bounce, and without danger 
of the distortion that might be introduced by applying the braking force at 
the rim or at the centre alone. The measured deceleration of the piston at 

D D 



D D 

Scale 

0 5 ibcm 

Fio. 1 

the bottom of its movement is about 400 g. The piston bounces about ^ mm 
which corresponds to a momentary 3% reduction in the expansion ratio. 

The bounce is much more marked if a heavier piston is used. For instance, 
a brass piston, three times as heavy, bounced about 1*5 mm ; that is, three times 
as much as the aluminium one. 





286 


P. M. S, Blackett 


The Geiger counters C were placed in such a position that any ray passing 
straight through both must, also go through the illuminated part of the chamber. 
The whole chamber is placed inside a water cooled solenoid D. 

The electric field used was usually about 3 volt per cm. Taking the mean 
mobility*" at N.T.P. as about 1-6 cm/sec/volt/cm, we find that the separation of 
the positive and negative ions is not large enough to make the track double. 


4 — Tlie Release Mechanism 

Fig. 2 shows the method of releasing the valve. A continuous current passes 
through the small electro-magnet G and is of just sufficient magnitude to keep a 
light armature H attracted to it against a spring J. The electrical impulse 
from the amplifier connected to the Geiger counters is fed to the grid of a 
thyratron. When the latter flashes over, it short circuits the small magnet 
and allows the armature to fly off. The movement of the armature is trans- 
mitted by the nut K to the arm M and so to the long wire L, which is already 
under tension due to the spring N. A small clearance P is provided between 
the nut and the arm. Without such a clearance the adjustments are very 
critical and the mechanism therefore uncertain in action. In the arrangements 
used a movement of the armature of less than mm is sufficient to release the 
valve. 

The method of adjustment is as follows. The two springs N and J are 
tightened till the catch F is just not released and the armature H just does not 
leave the magnet. Tlien the nut K is screwed up till it just does not touch 
the bar M. 

The magnet and its circuit must be designed to make the time from the 
flashing over of the thyratron to the instant when the valve is released as 
small as possible. 

The circuit used is shown in fig. 3. If the thyratron flashes over at < = 0, 
the current i in the magnet falls from its initial value = V/(R + G) to its 
final value — VS/R' (S + G), where R' = R -f SG/(S + G). The time 
constant T of the decay, before the armature releases, is L/R'. 

To get a large change in the current through the magnet we must have 
R ^ S ; the value of S is of the order of 20 ohms. Then G must be chosen to 
limit the current through the thyratron to a safe value. We made F and G 
both about 600 w. 


♦ Dee, ‘ Proo. Roy. Soc.,* A, vol. 116, p, 664 (1927.) 
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In order to make T small, it is necessary to make the magnet small with 
only a few turns, and to use large external resistances. 

A consideration of the acceleration of the armature on release also leads to 
the result that the magnet must be made as small as possible. For the 



Fig. 2 


mechanical force exerted by the magnet on the armature is proportional to the 
square of the linear dimensions of the magnet, while the mass of the armature 
is proportional to the cube, so the acceleration at release is inversely pro- 
portional to the linear dimensions. 


VOL. OXLVI.— A. 
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The laminated magnet used, fig. 3, has 250 turns and a cross-section of 1 sq 
cm. Its calculated inductance is about 0*1 Henries. Since R' 4= 600 u% the 
time (jonatant of the circuit T v 2 X 10 seconds. 

The armature system had a mass of about 15 gni and the measured pull of[ 
force for a current of ()-18 amps was about 3 kg. So an acceleration of the 
order of 200 g was obtained. 

In the construction of such magnets it is very important that the air gap 
l)etween tlie armature and the magnet shall be as small as possible, in order to 
get the greatest possible attractive force. 

The whole apparatus was tested l)y measuring the time from the flashing 
over of th(^ thyratron to the end of the expansion. 
This was found to be very nearly 0*010 second. The 
measurement of tlie separation of the positive, and 
negative ions of a cosmic ray track, gave a similar 
value. 

r> — The Illumimtuig System 

We used the following method of illumination. A 
capillary mercury lamp was connected directly to the 
secondary of an 8000 volt transformer connected to 
the 220 volt mains. To make the flash a large current, 
100 to 200 amps, was passed through the primary for 
1/50 to 1/20 second. If an A.G. supply is used, the 
flash is, of course, intermittent. If a D.C. supply is 
used, the flash is continuous. The illumination from 
such a lamp is adequate to allow the photography of single droplets fron) a 
direction at right angles to the direction of illumination. 

6 — The DuUyrtion of the Tracks 

One of the chief difficulties of this tube-controUed method is the distortion 
of the tracks ; that is, the final photograph does not represent accurately 
the original path of the ionbiing ray. 

(a) In the first place, since the ray goes through the chamber before the 
expansion, the whole original track is subjected to a simple strain by the expan- 
sion. Actually, of course, owing to the effect otthe walls, etc., the distortion 
is more complicated than this. 

But in addition to this distortion, which occurs before the drops are formed 
at the end of the expansion, there is the distortion which occurs between this 
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ijastant aad the time when the photograph is taken. There are three main 
types of this to be considered. 

(6) The tracks are distorted by the fall of the drops through the gas. This 
velocity of fall is approximately uniform^ and is of the order of \ cm per 
second, depending on the size of the drops and so on the expansion ratio and 
the density of ionization. Owing to this motion it is never possible to photo- 
graph later than about J second after the expansion without distortion, 

(c) After the expansion, the gas near the walls warms up first so that con- 
vection currents develop, consisting most obviously in the rapid fall of the 
central mass of cold gas. This motion is mucli greater in a vertical than in a 
horizontal chamber. If it be assumed that the displacement forces, causing 
this motion, increase liiu*arly with the time from the moment of expansion, 
then the displacement of a drop due to this cause, will vary* as 

It is a consequence of this rapid increase of distortion with the time that it 
is nece.ssary, when using a vertical chaniber. to take the photograph very 
soon after the end of the expansion. More illumination is therefore required, 
since the drops have not grown to their full size in so short a time. 

(d) There is a type of distortion which may be called accidental, in contrast 
to the two former types, and which has caused us eonsiderablo trouble. The 
gas appears sometimes to be subject to a local swirling movement. Marked 
evidence of this is seen in some of the photographs aheady published. It is 
difficult to be quite sure of the cause of this gas motion, but we believe that it 
is due partly to the electric wind produced by the electrification of liairs, or 
possibly of the rubber diaphragm. A hair on the piston, for instance, wdiich 
touches the walls of the chamber during the expansion, may become 
electrified by friction, and produce a sufficient electric wind to cause serious 
distortion. Confirmation of this view is obtained from the observation 
that large numbers of condensation nuclei are often found associated with the 
swirls. Also the swirling is absent when a slow expansion is made. 

It is possible that our chamber is particularly liable to this trouble owing to 
some fault in the design. 

The best way of avoiding errors of measurement arising from distortions 
(o), and {d) is to start the illumination before the start of growth of the 
drops. t In this way any distortion, except that of type (a), can be noticed. 
Anderson uses this method. 

* AssuttUng that viscous damping is not important, 
t Anderson and others, /oc. cit. 

r i 
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7 — The Magmiic Field 

The solenoid used had an internal diameter of 23 cm and consisted of four 
sectional coils in series, each with 100 turns of copper tube of 7*7 cm external 
diameter and 4*7 mm bore. Tlie total resistance was 0-34 w and the weight of 
copper was 120 kg. A current of 200 amps was generally used giving 80,000 
ampere turns and a field of 2200 gauss at the centre, wfith a power expenditure of 
7 kw. Water was passed through the coils at the rate of 5 litres a minute (the 
water connections being in parallel), but this flow only sufficed to keep the 
steady temperature down to about 70*^ C. Sometimes 300 amps was used, but 
the current could then only be run for 2 minutes at a stretch. 

Since the average time of waiting for a cosmic ray to arrive was 2 minutes, 
it was not possible conveniently to obtain more than 2200 gauss ovtit the 
chamber. And since the electric power required varies as the square of the 
magnetic field, there was no possibility of obtaining, continuously, any great 
increase of field by using a solenoid of this type, except by the use of v<‘ry large 
powers. A new chamber has therefore been made to fit betw^een the poles of 
a large electro-magnet. With this new arrangement a field of 10,000 gauss 
could be obtained continuously witli the same power required to produce 2000 
gauss with the solenoid. 

It is of interest to compare these figures with those given by Anderson* 
for the performance of tlio magnet used in his experiments. He used 440 kw, 
of power and a w^ater flow of 160 litres per minute to obtain a field of 15,000 
gauss. The ratio H/VW is then nearly the same for Anderson’s and our 
solenoid. 


8 — A Clovd Chamber between the Poles of an Eleatro-rmgnei 

Through the kindness of the Director of the National Physical Laboratory, 
an old Poulscn arc electro-magnet, weighing about 5000 kg was lent to the 
Cavendish Laboratory, This produced a field of nearly 10,000 gauss near the 
pole face with a gap of 12 cm when using about 100,000 ampere turns. The 
power consumed was about 6 kw. 

The chamber shown in fig. 4 was very like the one already described except 
for the modification necessary to allow it to go between the pole pieces. The 
whole object of the design was to reduce, as far as possible, the gap between the 


♦ ‘ Phys. Rev.,’ vol. 44, p. 406 (1933). 
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pole pieces. For, provided the iron is not nearly saturated, the field obtained 
is inversely proportional to this gap. 

As no piston rod could conveniently be used, the piston A was iinsupj>orted 
except by the rubber diaphragm which served to close the chamber. When in 
the upper position, the piston rested against three brass stops B. When in the 
expanded position it lay flat on a rubber covered iron plate C. The expansion 



Fig. 4 


was changed by altering the position of this iron plate. This was done by 
means of three long screws, D, with coned ends, E, on which the iron plate 
rested. The main casting was of brass, but an iron plate G was let into the 
back 80 as to form a continuation of the pole piece. Since the top of the iron 
plate, C, was effectively the pole face, this device enabled the tracks to be 
photographed within less than a centimetre of the pole face. 
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The tracks were photographed by two cameras, using a mirror at an angle 
of about 45° 

The chamber was made originally with two valves placed symmetrically 
so as to ensure that no large pressure differences developed over the surface 
of the piston, which would cause it to twist during the expansion. However, 
one valve proved adequate, presumably owing to the fact that, since the inertia 
of the air under the piston is very small compared with the inertia of the piston 
itself, the pressure is equalized underneath the piston before it has twisted 
appreciably. The release mechanism was identical in principle with that 
already described. 

Many hundreds of photographs have been taken with this apparatus. One 
is reproduced in fig. 12, Plate 2. 


9 — The Breadth of the Tracks 

Equation (2) gives what has been called the 90% breadth of the tracks. 
Below are given the observed and calculated values of Xj, for tracks in O 2 
and Hg at a mean pressure of 1*5 atmospheres, when the delay t =0*01 
second.* 


1) 

1) at 

X cals. 

X oba. 

NTP. 

1 • 48 atm<) 0 . 

mtu. 

mm. 

0 032 

0 022 

0-71 

0-85 

0 135 

0 092 

1-42 

1-78 


It is difficult to measure Xi at all precisely, but the estimated values given are 
in rough agreement with the theoretical calculations. Figs. 10a, 106, Plate 2, 
show typical electron tracks in oxygen and hydrogen. 

Now these measurements were made on fast electron tracks where the 
number ’Nq of ions per cm is of the order of 100. When, however, the particle 
producing the track is an alpha-particle, or a still more heavily charged particle, 
N„ may have a value of the order of 10*. With such largo values of N^,, certain 
other considerations affect the observed breadth of the tracks. 

Firstly, a considerable recombination of the positive and negative ions will 
take place. From Diebner’sf measurements, one finds that in our apparatus 
about half the ions produced by an alpha-particle will disappear by recombina- 
tion. JaffeJ has discussed the question theoretically, and has shown that, 

^ Thomson, loc. cit D assumed inversely proportional to pressure, 
t ‘ Z. Physik/ voi. 10, p. 247 (1931). 
t * Ann. Physik; vol. 42, p. 303 (1913). 
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even though recombination is taking place, the distribution remains a Gaussian 
one, though no longer remains constant but decreases with the time accord- 
ing to the relation 



where a is the coefficient of recombination, and h® is a constant measuring the 
initial distribution of ions at the time of their formation, and has a value 
3 X liH for air. 

The photographic negative of such a heavily ionized track will show a central 
black part bordered by edges showing a rapid decrease of drop density. The 
larger the photographic exposure the broader the black part of the track will 
appear, since the individual drop images will be larger and will therefore the 
sooner run together, to form a completely black image. Now we find experi- 
mentally that with our particular optical arrangement a superficial drop 
density of about 1000 drops per sq cm gives a practically black image. Hence 
we can define the photographic breadth X,, of a track, as its breadth up to 
points where p reaches the value 1000 drops per sq cm. 



Fio. 5*— Breadth of tracks in oxygen at 1 *5 atmosphereH for different times T of formation. 
Curv^e 1, Xj, equation (3) ; 2, Xj equation (2) ; # a particles, X^, Q protons, X^, ; 
■ electrons Xj, 

Denoting this value by p^, we find from (1) and (2) that 

Xp = 4-0 (Dt log p„/pi)*. (3) 

This equation can be tested by measuring the photographic breadth of those 
alpha-ray tracks for which the positive and negative ions are separated. For 
the time t can be calculated from this separation. The curve (a) in fig. 5 
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shows the calculated value of plotted against t, for an alpha-particle,* for 
which Nq 4 X 10^. The points represent the results of measurements on 
tracks. The agreement is very satisfactory, considering that the conception 
of a photographic breadth is only a rough one, and the measured value will 
depend on the strength of the light and many other factors. 

Curve (6) shows how the 90% breadth Xj, calculated from (2), varies 
with T. 


10 — On the InterpreicUion of sotm very Broad Tracks 

In several of our original series of photographs described in our former paper 
were found tracks nearly a centimetre broad, such as those reproduced in 
figs. 8, 14, 15, 16, 17, Plate 2 ; 19, and 21 Plate 3. These were provisionally 
attributed to alpha-particles from radio active contamination, which passed 
through the chamber as much as half a second before the expansion. How- 
ever, this interpretation presented certain dfficulties and the question was left 
open till a full investigation could be made of the question of the track 
breadths. Later on, the view was put forwardf that such tracks were probably 
not due to contamination, but might be interpreted as recoil tracks set in 
motion by the coUision of neutrons associated with thh cosmic ray showers. 
This view is almost certainly false, for the calculations of the breadths that 
have been given above show that such broad tracks as these must, in fact, 
be due to particles which have passed through the chamber a long time before 
the expansion, and cannot possibly bo explained, as was thought at that time, 
as due to particles of very great ionizing power passing tlirough at the same 
time as the cosmic rays, which actuated the counters. 

For the number of ions per cm of path due to various types of recoil nuoeli 
can be calculated from the data of Blackett and Lee8.J It is found, for 
instance, that a nitrogen nucleus produces about 2 X 10® ion pairs per cm 
in air over the last half-oentimetre of its range. Similarly an argon recoil 
nucleus ionizes at about the same rate over the last 3 mm of its range. 

If we calculate from (3) the value of X^ for No = 2 X 10® and t = 0*01 
second, we find a value about 1 *9 mm. Again, if Nq is given the very high 
value of 10’^, even then X^ only has the value 2*2 cm. It is therefore quite 

* The mean value for Nq for an alpha particle from RaC in air at N.T.P. i« 08,000. 
Taking recombination into account and allowing for the higher prewure in the chamber we 
get a value about 40,000. 
t Solway Conferenoe, Brussella, October, 1933. 
t * Froo. Roy. Soo.,* A, vol. 134, p. 658 (1932). 
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impossible to attribute a track 1 cm broad to a particle passing 0*01 second 
before the expansion. The correct interpretation is almost certaiply that which 
attributes the broad tracks to particles of much lower ionizing power passing a 
much longer time before the expansion. 

A confirmation of this view may be obtained as follows. A few of the 
broad tracks photographed are so good technically that it is possible to count 
the distribution of drops on the edges of the track. In this way a partial 
test of the theoretical distribution can be made and the unknown constants 
T and Nq can be obtained directly. One of these tracks is shown in fig. 16, 
Plate 2, and also very much enlarged in fig. 17, Plate 2. 



0 '1 *2 *3 -4 *5 • *6 *7 

Square of distance from centre of track ,V" 


Flo. 6 — Observed distribution of drops at edge of the track shown in figs. 16 and 17 
Plate 2. 

In fig, 6 is shown the observed distribution. The curve shows that the 
r^ation between log p and is linear, as it should be from (1a). The constants 
are found to be Nq' = 6700 and t — 0*78 seconds. Since the separation of 
the positive and negative ions for such a long delay is complete, the photograph 
shows those of one sign only,* so the figure obtained above must be compared 
with an expected value of about 15,000. The discrepancy is not very serious 
since the method is rough and gives directly log N and not N. Several other 
tracks give comparable values of Nq and t. 

* The reason why a very broad track is usually single and not double is merely that the 
positive and negative ion tracks are seldon both in the illuminated part cd the chamber. 
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It can therefore be taken as certain that tihese very broad tracks have nothing 
directly to do with the cosmic rays actuating the counters. 

If these tracks are due to alpha-particles occurring at random in time — ^that 
is, if the number occurring in a time ST is proportional to ST— then from (2) 
the number of tracks with breadth tetween X and X -f- dX, is proportional 
to XdX, and so increases linearly with X. The observed distribution of the 
tracks in breadth shown in fig. 7 is consistent with this view, though there 
is a slight defect in the numbers between 1 and 2 mm. But this may well be 
due to chance. More than half of the tracks of less than 1 mm breadth are 
probably associated with the cosmic rays, the rest being of chance occurrence. 
The upper limit to the breadth of the tracks is merely that breadth to which 



Fio. 7 — Number of broad tracks. 


they will grow in the time taken for the ions to cross the chamber under the 
electric field, and so is large when a weak electric field is used. 

If the broad tracks are due to alpha rays, then thrir rate of occurrence in 
the chamber is about five per minute. This works out at about 70 per hour 
per 100 sq. cm area, which is of the order of the expected contamination.* 
Sometimes quite short tracks are observed, very much shorter than any 
known alpha-rays, figs. 13, 14 and 15, Plate 2. Some of these may possibly be 
due to the recoil tracks produced when a neutron colMes with a heavy nucleus. 
But there is often an alternative explanation. The ions move in air at 1*6 
atmospheres under the field of about 2*5 volts per cm with a velocity of 
about 8 cm sec~^. So in a time of } second they have moved about 2*3 cm 
from where they were formed; that is, a distonce of the order of half the 
height of the chamber. 

* Beardon, ‘ Bev. Sd. Instr.,’ Tol. 4. p. 271 (1938). 
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Suppose an alpha particle happens to be emitted in the material of, 
say, the piston, so as just to emerge into the gas and produce a track of few 
millimetres long. Then all the ions of one sign will be drawn into the 
middle of the chamber and therefore photographed as a short nearly round 
blob. 

So when a single small round blob is observed it is not possible always to 
conclude with certainty that it corresponds to a particle of short range. Ihe 
occurrence of such short-range particles can only be considered certain when 
a double track showing both positive and negative ion groups is observed, or 
when the position in the chamber is such as to exclude the other explanation. 
It is interesting to compare the tracks in figs, 14, 16, which are probably due 
to parts of the track of a radio-active contamination alpha-particle, with fig, 
13, which was photographed when using a neutron source, and is almost 
certainly a neutron recoil track. 

Some photograplis have recently been taken by Locher* with the same 
counter-controlled method, but with argon in the chamber and three instead 
of two counters. Locher reports several neutron recoil tracks apparently 
associated with cosmic ray showers and shows their close resemblance to 
the recoil tracks produced by a neutron source. It appears that some of the 
tracks observed by Locher are as broad as 1*6 cm. If the argument given 
here is valid, such very broad tracks were certainly not duo to particles which 
were contemporary with the cosmic rays. They must, therefore, be attributed 
to random events, not related to the showers. Locher also observed thinner 
tracks which may have been contemporary with the cosmic rays. 

That neutrons might be associated with the showers and yet occur half a 
second earlier must be considered as unlikely. It is equally unlikely that such 
broad tracks are due, not to the diffusion of ions from a line, but to some new 
form of spatially extended ionising agent. 

I wish to express my pleasure and gratitude derived from the collaboration 
during the last two years with tny colleague G, P. S. Oochialini, who was 
closely associated with nearly all the work described in this paper. 

The cost of the solenoid was met by a grant from the Government Grant 
Committee of the Royal Society. 

1 wish to express my appreciation of the interest taken by Lord Rutherford 
in this work and for the facilities which he has put at our disposal in the 
Cavendish Laboratory, 


♦ Loc, cU* 
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I also wish to thank the staff of the Laboratory, in particular Messrs. Lincoln, 
Fuller, and Aves, for their assistance in constructing the apparatus. 


Summary 

When Geiger counters are used to actuate a cloud chamber, the tracks 
formed will have a breadth which can be calculated by taking into account the 
diffusion of the ions, during the time t from the instant of their formation to 
the instant of drop formation. The breadth of a track varies as t*. It is 
found that when t = 0*01 second, tracks can be obtained in air at 1*5 
atmospheres, which are about f mm broad. It is almost impossible to 
obtain tracks, at this pressure, very much finer than this owing to the very 
large forces required to produce the necessary acceleration of the piston. 
The breadth of the tracks, for a given delay t, should inversely be propor- 
tional to the pressure of the gas. 

Special care is required in the design of the release mechanism, to reduce as 
far as possible the time taken to release the valve controlling the expansion. 
To obtain a quick release, the release magnet must be made quite small and of 
small inductance. 

Since not more than 3000 gauss could be obtained with the water-cooled 
solenoid used in the first experiment, a new chamber has been made to fit 
between the pole pieces of a large electro-magnet, which could produce about 
10,000 gauss. 

The tracks are liable to various kinds of distortion, which may be of great 
importance as limiting the accuracy of measurement of the tracks. 

Measmrement of the track breadths in oxygen and hydrogen confirm the 
theoretical calculations based on the diffusion theory. When the tracks of 
heavily ionizing particles are considered, it is found that their apparent breadth 
is greater than that of electron tracks. Their photogrofhio breadth depends on 
the intensity of the light and on the optical arrangement. Measurements 
confirm the theoretical variation of track breadth with time of forination. 

The broad tracks often observed are interpreted, in the light of the discussion, 
as due mainly to alpha particles from radio-active materials in the walls of the 
chamber. The numbers observed of different breadths agree with this 
assumption. It is probable therefore that they have nothing to do with the 
cosmic radiation. 
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DESCRIPTION OP PLATES 
Plate 2 

Pig. 8 — single cosmic ray track (E ^ 200 x 10® volts), and a broad track due probably 
to on early contamination alpha^particle. 

Fig. 0 — An osoiUograpli record of fall of piston. 

Fig, 10 — Enlaiged photograph of electron track in oxygen. 0*85 mm. 

Fig. 10a — Enlarged photograph of electron track in hydrogen, showing clearly the individual 
droplets. Xj = 1*8 mm. 

11 — Enlarged photograph of proton track in oxygen. X,, 1 *3 mm. 

Fra. 12 — Track of particle of energy 46 million volts, taken in a magnetic field of 10,000 
gauss, with the chamber described in Station 8. 

Fig. 13 — A neutron recoil track using a source of Po 4 Be. (Chadwick, Blackett, and 
Occhialini, ‘ Proc. Roy. Soc.,’ A, vol. 144, p. 235 (1934) ). 

Fig. 14 — Photograph of short track found on photographs of cosmic rays. Although 
very like fig. 13, which latter is certainly due to a neutron recoil track, it is probable 
that 14 represents part of an early contamination alpha-partiole track. 

Fig. 16 — A short broad track found on a cosmic ray photograph. The ]X)sitivo and negative 
ion groups are here both visible so that the time can be calculated t 0’21 second 
Xp 0*66 ora. The two tracks are separated by 1*1 cm and one appears shorter 
than the other because it has been displaced by the field nearly out of the illuminated 
part of the chamber. 

Fig. 1<1 — A typical broad track. 

Fig, 17 — The same enlarged so as to show the individual droplets. Fig, 4 shows the 
variation of observed drop direction with distance from the track centre. 

Plate 3 

Fig. 18-~A complicated shower, showing about Ifi tracks, some of high and some of low 
energy, in no very simple relation to each other (H 2200 gauss). 

Fig. 19 — A shower with four tracks of which two are positrons and two electrons. The 
energies are 230, 150, 66, and 20 million volts. The round blob probably represents 
part of an early contamination alpha particle (H === 3300). 

Fig. 20 — ^Another complicated shower of about 19 tracks, mostly of rather low energy 
about 6 million volts. It is almost impossible to find any simple chracteristics of 
this shower. It is therefore not possible to toll for certain th e direct ion of the particles 
or therefore their charge. (H == 3300.) 

Fig. 21 — A single ray of energy greater than 2 X 10® volts going straight through the 
chamber. A circular track due to a particle of about 800,000 volts. A broad track 
probably due to a oontamiiflation alpha passing through the chamber about i second 
before the expansion. (H == 2200.) 


Refractive Dispersion of Organic Compounds. V — Oxygenated 

Derivatives of Cyclohexane The Inadequacy of the K^tder- 
Hdmholtz Equation 

By C. B. Allsopp, M.A., Ph.D., Laboratory of Phjmical Chemiatry, Cambiidge 
(Communicated by Professor T. M. Lowry, F.R.S.) 

(Received February 12, 1934) 

In the preceding paper of this series,* refractive indices and molecular 
extinction coefficients over a wide range of wave-lengths were recorded for the 
two cyclic hydrocarbons cydohexem and 1 : i-cyelohexadiene. These observa- 
tions completed a study of the refractive dispersions of the series of 6-ring 
compounds CaHu, CaHjo, CgHg, CgHg ; they also provided a basis for the study 
of the phenomenon of “ optical exaltation," which is exhibited by compounds 
containing conjugated double bonds, since the last two members of the series 
belong to this type. Conjugation, however, may be effected, not only between 
two olefinio double bonds, but also between an olefinic double bond and an 
oxygenated radical, such as the carboxyl, carbonyl, or hydroxyl group. The 
present paper, therefore, records the absorption spectra and refractive dispersions 
of three oxygenated derivatives of cyclohexane, namely, cydohexanol, cyclo- 
hexanone, and ethyl tiexahydrobenzoate, in the molecules of which each of the 
preceding groups is exemplified. 

Dispersion curves are thus now available for typical compounds of the cyclo- 
hexane series containing unsaturated " radicals of all the principal types which 
are used in constructing conjugated systems, and the way has been prepared 
for a detailed study of conjugation, as exemplified on the one hand by cyeh- 
hexadiene, and similar compounds containing two olefinic radicals, and on the 
other hand by a variety of compounds containing a double bond in addition 
to a hydroxyl, carbonyl, or carboxyl group. It is anticipated that, with the 
help of the data set out in the preceding and present papers, it will be possible 
in a later communication to demonstrate in what respect the behaviour oi 
conjugated compounds differs from that which might be anticipated from a 
merely additive behaviour of the chromophoric radicals, and thus to determine 
the nature, and if possible to discover the origin, of the phenomenon of optical 
exaltation. 

* Allaopp, ‘ Proc. Roy. 8oo.,* A vol. 143, p. 618 (1984). 



The present measurements are also of interest from a different point of view. 
By taking advantage of the extreme thinness of the films of liquid which are 
used in the interference method for measuring refractive dispersion,* it was 
possible to measure the refractive indices of cyclohemnone right through the 

ketonio absorption band (between 3000 A and 2500 A), which is exhibited 
by all compounds containing an isolated >C==sO group. These measurements 
reveal that, whereas the rotatory dispersion of optically active ketones is 
largely dominated by the ketonic absorption band, the contribution of this 
band to the refractive dispersion is extremely small and produces only a slight 
“ ripple on an otherwise smooth curve (fig. 2 ). 

Materials — (a) Commercially-pure cyehhexaml was shaken with caustic 
soda, extracted with ether, dried over potassium carbonate, and distilled 
three times in vacuo from small pieces of sodium. The product, which melted 
at 20® was fractionated in vacm in an all-glass apparatus by heating to 30® 
whilst the receiver was cooled in liquid air. The distillate melted at 11 ®, 
whilst the residue solidified to pure white crystals melting at 23-5®. The 
crystals were allowed to drain for 2 weeks, when a small quantity of a glassy 
solid separated. 

The retnaining crystals melted to a liquid of density ^ 4®^= 0 • 9255. A sample 
used by Auwers and co-workersf melted at 23 • 0 ® and had ^ 4 ®’ = 0 * 9373. The 
highest melting-points hitherto recorded, for samples stored in sealed, evacuated 
tubes, are 24*9®$ and 25*5®§; but the melting-point is extremely sensitive 
to traces of moisture and dissolved air. The close agreement of our molecular 
refraction with that foimd by Auwers for material with a lower melting-point 
shows that (as with eyefohexane) the slight residual impurity has no marked 
effect on Uie value of the refractive index. 

(b) Commercial cyclohemnone was purified through the bisulphite compound, 
dried and fractionated. A fraction boiling at 156-5® was refractionated im- 
mediately before use. Its density was ^ 4 *® = 0-9462. Auwers {loc. ciL) 
gives the density as ^ 4 ^*® «= 0-9503 and boiling-point as 166-6® to 156-8®. 

( 0 ) A specimen oteAyl hernkydrobenmUe was kindly supplied by Dr. Komatsu, 
of the Imperial University of Kyoto, |1 who gave its boiling-point as 96® at 

♦Lowry and Allsopp, *Proo. Roy. Soo.,’ A, vol. 126, p. 165 (1^29); voL 133, p. 26 
(1931). 

t Auwers, Hinterseber, and Treppman, ‘ Liebig’s Ann.,* vol 410, p, 267 (1916). 

t 8kau and Meier, Bissertation, Trinity College, Hertford (1931). 

S Lange, VZ. pfays. CJhem./ A* vol 161, p. 80 (1982). 

I! Komatsu and Mitsui, * Kyoto, OolllSei. Mem.,* A* vol 14, p. 297 (1931). 
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30 mm, and its density as =: 0*9662. At high dilutions the sweet smell 
of the ester gives place to an intensely disagreeable and persistent odour. 
For this reason, ethyl i.'robutyrate, which contains the same chromophoric 
radical, was substituted for it in the measiu’ements of absorption spectra. 

(d) The samples of ethyl isobidyrate and isobutyrk ctcid after fractionation 
boiled at 110*5'' and IM"", and had = 0*8704 and 0*9486 respectively. 

Absorptiof^ Spectra 

The molecular extinction coefficients of solutions of the above compounds in 
cyclohexmn are plotted against wave-length in fig. 1. 

(а) The absorption spectrum of cyclohemnol consists of a band with a 

maximum beyond the present limits of observation (log e =2*0 at 1860 A), 
together with a slight “ step-out/* log e = 0*4, between 2i(K) and 2200 A. 

(б) The ketouic absorption band of cyclohexanone, has a maximum intensity 
log s = 1*10 at 2880 A, and is symmetrical on a scale of wave-lengths. A 
second band with a maximum inside the Schumann region is at least 100 times 
more intense, since log e = 2*9 at 1860 A.* 

(o) The absorption spectrum of ethyl isobutyrate includes a maximum, 
log e — 1*82 at 2076 A, together with a well-defined shelf,'’ log c = — 0*75 
between 2600 and 2800 A, where the absorption is about 400 times less than 
at the principal maximum. 

[d] iso-BiUyric acid gives a maximum, logs =2*10 at 1850 A, of slightly 
liigher intensity and at shorter wave-lengths than the ester. The step-out, 
log e — — 0*6 at 2500 A, is also more intense, but the intensity does not fall 
ofi so rapidly at longer wave-lengths. Thin films of ethyl hexahydrobenzoate, 
used in the measurement of refractive indices, begin to absorb at about the 
same wave-length as ^butyric acid and its ester. 

Refractive Indices 

The refractive indices of cyoZohexanoI, cyclohexanone, and ethyl hexahydro- 
benzoate, for 24 wave-lengths in the visible spectrum are recorded in Table I, 
while Tables II, III, and IV contain the ultra-violet values measured photo- 
graphically for the three compounds at 44, 46, and 40 wave-lengths respectively. 

Comparison, with other ObservcUiom 

(a) The refractive indices of cyciohexanol and of cyoiohexanone at four 
wave-lengths in the visible spectrum were measured by Auwers (who paid 
* C/, Donle and Volkert, * Z. phys. Chem.,* B, vol. 8, p. 60 (1930). 
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particular regard to the purity of the materials and to accuracy of measure- 
ment) in the course of his investigation of the additive relationships in mole- 
cular refractivity.* Auwers records the following values for the molecular 



Fig. 1 — Molecular extinction coefiloients of (a) cyciohexanol, (6) cycZohexanono, 
(c) ethyl iaobutyrate, (i) wobutyrio acid, in cvcfohexano solution. 

refractivities at X = 5896 A : cycfohexanol, Mp (obs.) — 29 ■ 28, (calc. ) — 29 * 23 ; 
cyciiohearanone, Mp (obs.) = 27*88, (calc.) 27-72, the calculated values 

♦ Auwert, Hinterseber, and Treppmann, foe. cii. 
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The wave-lengths for the visual readings in Talde I are taken from the ‘ International Critical Tables,’ vol. 6 (1929), 
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Table II — Refractive Indices of cyc/oHexanol at 25® C, Photographic Readings 



liofractive index 

DiS, 


Refracti ve index 

180. 

A* 

71 

n 

(0 ^ C) 

A 

n 

n 

(0^0 


observed 

calculated 

X 10* : 


observed 

calculated 

X 10* 

Fc 4890-770 B 

i-4601 

1-4601 

± ! 

Fe 3437 046 B 

1-4791 

1-4791 


W 4600-460 

1-4026 

1-4626 

+1 

W 3407-639 

1-4797 

1-4798 


W 4546-498 

1-4630 

1*4629 

+1 

Fe 3361 629 B 

1-4813 

1-4810 

+3 

VV 4493-978 

1-4636 

1-4634 


be 3296 -806 B 

1-4827 

1-4825 

+2 

Fe 4442-346 III 

1-4640 

1-4639 

H-1 

Fo 3244-186 B 

1-4842 

1-4840 

+2 

W 4295-012 

1-4664 

1-4666 


Fe 3102-806 B 

1-4856 

1-4869 

_*.4 

Fe 4248 -224 B 

1-4659 

1-4660 

-1 

Fe 3167-866 B 

1-4801 

1*4801 

i- 

Fo 4202-032 B 

1-4664 

1-4666 

-1 

Fe 3119-495 B 

1-4870 

1-4877 


Fo 4157-805 B 

1-4669 

1-4670 


W 3049-694 

1-4898 

1 -4900 

-2 

Fe 4071-748 B 

1-4681 

1-4681 


Fc 2083-671 B 

1-4922 

1-4924 

”2 

Fe 3989-861 B 

1-4693 

1-4692 

-f-1 

Fe 2041-347 II 

1-4939 

1-4940 

-1 

Fe 3909-834 B 

1 4704 

1-4704 

± 

Fo 2908 -864 B 

1*4950 

1*4963 

+ 3 

Fe 3871-752 111 

1-47U 

1-4709 

+2 

Pc 284(»-422 B 

1-4983 

1-4982 

+ 1 

Fo 3833-863 B 

1*4716 

1-4716 

i: 

Fo 2808-329 B 

1*6003 

1-4997 

+0 

Fe 3797-518 ill 

1-4723 

1-4721 

42 

VV 2776-091 

1-5016 

1-5012 

+3 

Fo 3725-495 B 

1-4733 

1-47.33 

± 

Fo 2746-486 B 

1-5037 

1-6027 

-flO 

Fe 3690-732 lU 

1-4738 

1-4739 


VV 2687-389 

1-5073 

1-5057 

-f 16 

Fo 3657-143 B 

1-4746 

1-4746 

± 

W 2603-667 

1-5125 

1-5100 

+ 19 

W 3623-513 

1-4761 

1-4752 

1 

W 2661-360 

1-6102 

1-6141 

+21 

Fe 3-359-514 B 

1-4766 

1-4764 

4-2 

Fe 2601 -70 B 

1-6201 

1-6176 

+20 

Fc 3497 iU Til 

1-4779 

1-4778 

+ 1 

Pc 2463-478 B 

1-6230 

1-5211 

+26 

Fo 3466-501 B 

i*-m4 

1-4781 

± 

Fc 2131-06 B 

1-6269 

1-5228 

+31 


Table 111 — Refractive Indices of cyc/oHexanono at 20° C. Photographic Readings 



Itofraotivo index 

Biff. 


Kefractivo index 

Biff. 

A* 

n 

observed 

n 

calculated 

(0---C) 

X 10* 

A 

n 

observed 

n 

calculated 

(0 - (.;) 
X 10* 

W 4680 -639 

1 -4690 

1 -4689 

+1 

Fe 3286-425 B 

1-4821 

1-4813 

+ 8 

W 4342 ■ 900 

1 -4003 

l-4ti01 

...1.-2 

Fe 3250-400 B 

1*4833 

1-4823 

+ 10 

Fo 4476'022 III 

1-4000 

i -4607 

-1 

Fc .3219 682 B 

i *4843 

1-4833 

+ 10 

W 4412-206 

1-4013 

1-4614 

.1 

Fe 3160.660 B 

1-4804 

1-4852 

+ 12 

Fe 4352-738 11 

1-4622 

1-4620 

+ 2 

Fe 3099-898 B 

1-4887 

1-4873 

+ 14 

W 4234-3.58 

1*4031 

1-4634 

-3 

Fc 3046 -082 B 

1-4906 

1 -4893 

*M2 

Fe 4173-925 B 

1*4037 

1-4641 

-4 

Fc 2990-394 B 

1-4925 

1-4916 

+ 10 

Fo 412.3-759 B 

1*4044 

1-4648 

~4 

VV 2956-676 

1-4928 

1-4929 


W 4064-799 

1-4060 

1-4656 

„ 0 

VV 2935-632 

1-4937 

1-4938 


W 4018-312 

1-4060 

1-4662 

-6 

Fc 2904 -163 B 

1-4946 

1-4956 

*-10 

Fe 3919-008 B 

1*4070 

1*4677 

— 7 

Fo 2863-685 B 

1-4962 

1-4976 

^14 

VV 3804-334 

1-4680 

1-4686 

-^6 

Fc 2800-98.5 B 

1-4990 

1-6000 

<-10 

Fe 3825-88.5 III 

1-4688 

1-4693 

^6 

W 2789-076 

1-6001 

1-6009 


W 3772-430 

1-4699 

1*4701 

..-2 

VV 2746-111 

1-6028 

1-6033 


W 3730-220 

1-4703 

1-4708 

-5 

W 2702-537 

1-6055 

1-6058 

-3 

Fc 3051 -612 B 

1-4720 

1-4726 

-5 

Fe 2661-200 B 

1'5080 

1*6084 

*4 

Fe 3602 -.OIS B 

1-4734 

1*4736 


Fe 2635-818 B 

1-5099 

1-6101 

'■ 2 

Fe 3571-998 B 

1-4742 

1-4741 

+ 1 

W 2596-450 

1-5120 

1-6128 


Fe 3495-290 III 
Fe 3447-282 Til 

1-4761 

1-4767 

+ 4 

Fc 2646-979 B 

1-6101 

1-6106 

<^6 

1-4772 

1*4770 

+2 

W 2610 -18-1 

1-5189 

1*6195 

-6 

i 0 3422-665 B 

1-4783 

1-4776 

+ 7 

Fe 2487-069 B 

1-6213 

1*6214 

-1 

W 3370-120 

1-4796 

1-4788 

+7 

Fe 2442-674 B 

1-6249 

1-6263 


Fo 8305-980 B 

1-4814 

1-4807 

+ 7 

Fc 2.366 -69 K 

1-6324 

1-6328 

*-4 


^ * The wavo-Ietigthii of the iron lines are either secondary (II) or tertiary (HI) standards selected by Fabry 
( International Critical Tables/ vol. 5, pp* 276-276 (1929 ) ), or those recorded by Bums (‘ Z. wiss, PUotogn/ vol. 12^ 

P* 207 (1913) ). jjjg wftvo-lengths of the tungsten lines are those given by Belke (‘ Z. wise. Photogr.,’ vol. 17, p. 182 
11917) and vol. 17, p. W4 (1918) ) 
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Table IV — Refractive Indices of Ethyl Hexahydrobenzoate at 20°. Photographic Readings 



Refractive index 

Diff. 


Jiefractive index 

Diff. 

A * 

n 

n 

( O -^ C ) : 

A 

n 

n 

{0 c : 


observed 

calculated 

X 10* 


observed 

calculated 

X 10* 

W 4663-602 

14543 

1 -4643 

i: 

Fe 3413-948 B 

1-4719 

1-4722 

-3 

Fe 4482 -262 B 

1*4549 

1-4561 

^2 1 

Pe 8312-707 B 

1-4747 

1*4748 

-3 

W 4436-912 

1-4566 

1-4565 

± \ 

Fe 3280-268 B 

1-4767 

1-4767 


W 4316-821 

1 *4606 

1-4568 

-~3 1 

Fc 3249-204 B 

1-4705 

1-4766 

-1 

Fe 4248 -224 B 

1-4677 

1-4676 

+ 1 

Pe 3217-389 B 

1-4776 

1*4770 

± 

W 4204-415 

1-4680 

1-4582 

-2 

Fe 3188-686 B 

1*4780 

1*4786 

+ 1 

Fe 4140-441 B 

1-4692 

1-4590 

+2 

■ Fe 3157-877 B 

1-4796 

1*4794 

- 4 * 1 

Pe 4098-183 III 

1-4690 

1-4695 

+ 1 

W 3130-164 

1-4805 

1-4804 

+ 1 

Fo 3995-989 B 

1-4007 

1-4610 

-3 

Fe 3099-968 B 

1-4818 

1*4814 

+4 

Fe 3940 -044 B 

1-4610 

1-4018 

~2 

Fe 3074-157 B 

1-4826 

1*4817 


W 8847-601 

1-4030 

1-4033 

-3 

Fo 3021 -076 B 

1-4849 

1-4844 

+6 

Fe 3808-732 III 

1-4036 

1-4640 

~4 

Fe 2991-648 B 

1-4861 

1-4866 

•fO 

Pe 3780-064 III 

1-4646 

1-4648 

-2 

Fe 2988-473 B 

1-4862 

1-4866 

4*6 

Fe 8677-309 B 

1 -4665 

1-4664 

+ 1 

Fe 2941-347 II 

1-4887 

1 -4876 

4 11 

Fe 8640-392 11 

1-4672 

1-4671 

•f 1 

W 2799-029 

1-4976 

1-4941 

-^34 

W 3597-271 

1-4679 

1-4080 


Pe 2767 -316 B 

1-6006 

1-4963 

4-42 

Pe 3660-706 B 

1-4684 

1-4687 

-3 

Fe 2716-226 B 

1-6030 

1-4980 

+44 

Fe 3621-266 III 

1-4096 

1-4096 

-1 

Fe 2636-818 B 

1 *6087 

1-6034 

+63 

W 3486 607 

1 -4701 

1-4704 

-3 

Fo 2699-677 B 

1-5110 

1*6067 

+69 

W 3448-842 

1-4713 

1-4714 

-1 

Fe 2527-44 B 

1-6178 

1-6108 

+ 70 


* See footnote on p, 305. 


being derived from Eisenlohr’s atomic refractivities. The molecular refrac- 
tivities for the present samples are 29-33 and 27-93 respectively. 

(b) In the ultra-violet, the only previous measurements were made by 
Voellmy,t who gives indices for a number of apparently interpolated wave- 
lengths. (i) Voellmy's materials were probably impure, since he records 
Mp— 29*16 for oycJohexanol (his observations being made at 22 -3*^ when 
both the present sample and that used by Auwers were still solid), and Mp 5 = 
28 -07 for cycZohexanone. Both his dispersion curves diverge from the present 
readings in the same way as was observed with benzene. J 

(ii) Voellmy’s dispersion curve for cyclohexanone shows no anomaly inside 
the absorption band, since, in a range of 200 A on either side of the maximum 
of absorption, ho gives data for only two wave-lengths, as compared with 
seven values in the present series. 

(c) No data for the dispersion of ethyl hexahydrobenzoate have been recorded 
previously. The molecular refraction for the present specimen is Mp — 43-34, 
as compared with 43-10 calculated on the basis of Eisenlohr's atomic eqxii- 
valents. 

Form of ike Dispersion Curves — The curves of refractive dispersion of cydo- 
hexanol (6), cyclohexanone (c), and ethyl hexahydrobenzoate (d), together 
with that for cyclohexane (a), are reproduced in fig. 2. 

t * Z. phys. Chem.,’ vol. 127, p. 305 (1927), 
t liOwry and Allnopp, ‘ Proc. Eoy. Soc.,* A, voJ. 133, p. 48 (1931). 
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(a) Tho curve for cycfohexanone is of special interest since, by using a film 
of liquid only about 6 fx in thickness, it was possible to record the tiny ‘‘ ripple 
produced by anomalous dispersion ” inside the absorption band. This 
'' ripple ” is of very small amplitude ; it is therefore not surprising that the 
refractive indices in the visible spectrum can be represented with fair accuracy 
by an equation containing only one variable term, namely, 


^2 1 .36014 + 


0*713294 
0-0156233 ■ 


( 1 ) 


The cliaracteristic frequency in this equation corresponds to a wave-length of 
1250 A, and does not differ very widely from the corresponding wave-length 
(1096 A) in the equation for oyc/ohexane. 

The difference curve a of fig. 3 shows that the anomaly is of the unsjTuruetrical 
type required by the Ketteler-Helmholtz theory, but attempts to represent 
the “ partial refraction by an expression of the Ketteler-Helmholtz type with 
a single characteristic frequency were unsuccessful and a complete analysis of 
the curve has been postponed until more data (particularly for optically 
active methylcycZohexanone) are available. 

(6) Cj/ciohexanol — The refractive dispersion of cycZohcxanol can be repre- 
sented over almost the whole range of the observations from 6708 to 2431 A 


by the simple equation 

n2:=.M8394-f 


0-899514 
X® 0*0122660 * 


(ii) 


The variable term in this equation represents the contribution from a natural 
period at 1109 A. This is almost identical with that recorded for oyeZohexene 
and 1 : 3-oycZohexadiene at 1106 A, and can again be associated with the 
saturated methylene groups of the six-membered ring. The values calculated 
by means of equation (ii), set out in Tables I and II, diverge to a small extent 
from the observed values below 2900 A, as can be seen in the difference curve 
b of fig. 3. This divergence may be attributed to the influence of an absorption 
band in the Schumann region, but attempts to represent it as a partial refrac- 
tion of the normal type were unsuccessful. 

(c) Above 3100 A the curve of refractive dispersion for ethyl hexahydro- 
benzoate in fig. 2 can be represented accurately, like that for cycfohexanol, 
by means of a simple equation, namely, 


n®=:M6800 + 


0-887764 X® 

X® — 0-0130026 ’ 


{iii) 
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in which the characteristic frequency now falls at 1140 A. Below 3100 A the 
observed values diverge from the calculated values much more than those for 
cycZohexanol, as can be seen from the difference curve c, fig. 3. This divergence 
can again be attributed to the influence of an absorption band at about 2075 A, 
but it has not been found possible to calculate a partial refraction, from any 
absorption frequency, which is adequate to correct this ^divergence. 

Inadeqicacy of the Keiteler-Helmholtz Eqmtion 

In the preceding papers of this series, and for the compounds now investigated 
the curves of refractive dispersion have been expressed either (i) by moans of 
a simplified Ketteler-Helmholtz equation (no damping factor), which gives 
a hyperbolic curve with an asymptote at the characteristic frequency, as for 
cycfohexane,* or (ii) by the complete Ketteler-Helmholtz equation, in which 
the anomalous ’’ refractive indices in the range of wave-lengths covered by 
the absorption band are represented by means of a damping factor, as for 
benzene, nicotine,! and cyc/ohexene. The difference curves show, however, 
that, even when using the comphste equation, the a^eement between observed 
and calculated values in the region of absorption is never entirely satis- 
factory ; and for the three compounds described in the present paper and for 
cyciiohexadiene in Part IV no agreement whatever could be obtained by means 
of such equations. This discrepancy can be attributed to the fact that equations 
of the Ketteler-Helmholtz type, wliich were designed to express the influence 
of forced vibrations in increasing the width of a spectrum line, are invalid 
when applied to an absorption band which may be spread over a width of 
1000 A. 

A Similar breakdown was observed in 1926 by Bruhat and Pauthenier, 
when studying the anomaly in the curve of refractive dispersion of carbon 
bisulphide in the region of its absorption band at 3250 A. Since a single term 
of the Ketteler-Helmholtz type was inadequate to express the form of the 
absorption band,! they made use of a series of five terms, with characteristic 
frequencies imiformly spaced over the band, and thus obtained a fairly close 
agreement between the observed and calculated refractive indices.§ It may 
be added that, in the region of complete transparency, the Ketteler-Helmholtz 

♦ Lowry and Allsopp, ‘ Proc. Roy. Soc.,’ A, vol. 133, p. 36 (1931). 
t Lowiy and Alkopp, ‘ J. Chem. Soo./ p. 1613 (1932), 

X Cf Henri, * Photoohimie,* p. 28 (1919). 

§ Bruhat and Pauthenier, * Ann. Physik,* vol. 6, p. 440 (1926), 
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formula is idontical in form, though not in the signihcance of its parameters, 
with that deduced from the quantum theory,^ but the form of the curve in 
the region of absorption has not yet been deduced in this way. 

The inadequacy of the “ damping ” theory is shown in a most striking way 
when the theoretical form of the absorption cuinjes is compared with those 
obtained experimentally, and also when these results are applied to the theory 
of Tot^ory dispersion in the region of absorption. These discrepancies between 
theory and experiment have led to the introduction of empirical equations of 
an exponential type for the form of the absorption curves, by Bielecki and 
Henri, by Kuhn and Brown, and finally by Lowry and Hudson. Corre- 
sponding expressions have also been developed for rotatory dispersion-t It 
is now obvious that similar equations must be devised to represent the form of 
the curves of refractive dispersion in the region of absorption. This problem 
can, however, be tackled effectively only when the compounds under investi- 
gation are optically active, since only then is it possible to make a complete 
analysis of the optical constants of the molecule. In the present communica- 
tion, therefore, tlie refractive indices in the region of absorption have been 
recorded, and the contributions of the nearer bands have been plotted, but 
without attempting at this stage to make a complete matliematical analysis 
of the curves. 

The author desires to place on record his indebtedness to the Department of 
Scientific and Industrial Research for providing a Research Assistantship during 
the period in which the investigation described in the present paper was carried 
out, and to Professor T. M. Lowry, F.R.S., for his continued help and encourage- 
ment. 


Summary 

Values are given for the refractive indices of cyciohexanol at 25*^ 0 and of 
c^ciohexanone and ethyl hexahydrobenzoate at 20'' C at a series of wave- 
lengths between 6708 A and 2366 A. 

Molecular extinction coefficients for cyctohexanol, cyclohexanone, uobutyric 
acid, and ethyl wobutyrate in solution in eyefohexane are also recorded. 

The curve of refractive dispersion for cyc/ohexanone contains only a shallow 

ripple ” in the region covered by the ketonic absorption band (log — 1 * 10 

♦ Kramers, * Nature,’ vol 113, p. 451 (1924), etc. 

t See Lowry and Hudson, ‘ Phil. Trans.,* A, vol. 232, p. 117 (1933), and Lowry, Hudson, 
and Wolfrom, ‘ J. Chem. Soc„* p. 1179 (1933). 
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at 2880 A). The influence of this band on the refractive dispersion is thus 
remarkably small when compared with the influence on optical rotatory power 
exerted by the corresponding band in optically active compounds. 

At wave-lenglhs remote from an absorption band, the refractive dispersions 
can each be represented by an equation containing one variable term of the 
Ketteler-Helmholtz type, with a characteristic frequency corresponding to 
that of the saturated 6-membered ring of c^Zohexane. 

At wave-lengths covered by or near to the absorption bands, the Ketteler- 
Helmholtz equation is no longer adequate. The contribution of the ketonic 
band to the refractive indices of cyctohexanone cannot be represented even 
approximately by a single term, and evidence is adduced to show that, in the 
region of absorption, the simple theory of damping breaks down for the refrac- 
tive dispersion of a liquid just as it has already been shown to do for rotatory 
dispersion. 
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Refractive Dispersion of Organic: Compounds Part VI — Refrac- 
tivities of the Oxygen, Carbonyl, and Carboxyl Radicals. Origin 
of Optical Rotatory Power and of the Anomalous Rotatory 
Dispersion of Aldehydes and Ketones 

By T. M. Lowsv, F.R.S., and C. B. Allbopp, M.A., Ph.D. 

(Received March 29, 1934) 


The refractive indices recorded in the preceding paper were determined 
in order to prepare the way for an attack, which is still in progress, on the 
problem of optical exaltation in compounds containing conjugated double 
bonds. They have, however, an immediate value in that, when combined 
with the refractive indices of cyciohexane,* they can be used to determine 
the refractivities over a wide range of wave-lengths of the three radicals 


^0, ^>0-0, and -■€' 

./ / 

are set out below : — 



H, 

C 

/ \ 

H,0 CH, 

I I 

HjC CH, 

\ /' 

C 

H, 


The formulae of the compounds in question 


H OH 

\ / 

C 

/ '\ 

HjC CH, 

I I 

H,C OH, 

\ / 

C 

H, 


cycloHexane 


c^cZoHexanol 


0 


II 

,C 

/ \ 


H,C 

H,C 


CH, 


CH, 


/ 


C 

H, 

c^loHexanone 


H CO . OC 3 H, 

\ / 

C 


/ \ 

H,C CH, 

I I 

H,C CH, 

^C^ 

H, 

Ethyl hexahydrobenzoate 


Lowry and Ahsopp, ‘ Proo. Roy. Soc,,’ A, vol, 183, p. 26 (1931). 
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Refractivities of 0, CO, and CO^ 

(i) In order to deduce the refractivity of the oxygen radical it is only necessary 
to subtract the refractivity of cycZohexane from that of cycZohexauol, since 
these two compounds differ only by a single oxygen atom. 

R [C„HuOH] -- R [CA J - R [0]. 

(ii) In order to deduce the refractivity of the carbonyl radical, we divide 
the refractivity of cycZohexane by siXy in order to obtain the value for the 
methylene radical, >CH 2 ; then, since cycZohexanone contains jive methylene 
radicals, it is only necessary to subtract from the refractivity of this ketone 
the value for SCHj in order to give the refractivity of >C~0. 

R [CeHioO] - |R [CeH.J = R [CO]. 

(iii) In order to deduce the refractivity of the carboxyl radical, we note that 
we can pass from cycZohexane to cthylcycZohexane by interpolating two 
additional methylene groups between hydrogen and carbon, and from ethyl- 
cycZohexane to ethyl hexahydrobenzoate by interpolating the CO 2 radical 
between the ethyl-radical and the ring. On the assumption that the refrao- 
tivities of carbon and hydrogen remain additive, we can then deduce a value 
for the carbonyl radical by subtracting from the refractivity of the ester the 
value for eight methylenes 

R [CeHi, • CO • OCAl 4R [CeHij] - R [COJ. 

The values thus deduced for 18 lines in the visible spectrum and for 39 
interpolated wave-lengths in the photographic region are set out in Table I 
and are plotted in fig. 1. 

The inset shows, on a larger scale, the anomaly in the refractivity of the 
carbonyl group in the region of absorption ; the broken line shows the 
molecular extinction coefficients of the absorption band. 

Afwmalous Refraciimiy of the Carbonyl-radical 

A principal point of interest arises from the fact that the refractive indices of 
oydohexBxione were measured right through the absorption band, where 
anomalous refractive dispersion might be expected to occur. Similar, but less 
exact, meaBurements have already been made by Voellmy,* but the anomaly 
producMMl by the carbonyl-group is so insignificant that no indications of it 

♦ ‘ 2. phya. Chem./ voi. 127, p. 324 (1927). 
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can be seen in his curves for acetone and for cyclohexanone, although a alight 
displacement can be detected in his curves for methyl ethyl ketone and for 
methylcyclohexanone. 

The data recorded in the preceding paper show that this anomaly has a real 
existence, but that it produces a fluctuation of only ±0*0013 on a refractive 
index of about 1*49. Its course can therefore only be traced when measure- 
ments in the region of absorption can be made to fowr places of decimals, as 
in the fully developed form of the interferometer method. The refractive 
index of the ketone is mainly composed, however, of the refractivities of the 
five methylene radicals with which the carbonyl-group is associated, and it is 
important to be able to dissect out the refractivity of this group in order to 
secure a clear picture of the magnitude of the anomaly. The results of this 
analysis in the region of the anomaly are set out in Table II and are shown on 
a large scale as an inset to fig. 1. 

The anomaly still amounts to only about ±1% of the total refractivity of 
the carbonyl-group, but its real existence appears again to be beyond dispute. 


Refractivity of the Oxygen-radical 

The data for this radical are of a more unexpected character, since they 
present several features which could not have been foreseen. Thus the 
refractivity of the oxygen atom remains constant over the range of wave- 
lengths from 6708 to 5200 A ; it then increases to a shallow maximum at 
about 3600 A and decreases to a shallow minimum at 3100 A ; finally it 
increases much more rapidly up to the limit of the observations at 2400 A. 

These phenomena show a superficial resemblance to the anomalies in the 
curve for the carbonyl-radical, but they differ fundamentally from them in 
that they all occur in a region of complete transparency. Their occurrence in 
such a region has an important bearing on the whole theory of atomic refrac- 
tivities, since it suggests that the additive relationships, on which the calcu- 
lation and use of these quantities is based, may only be valid over a limited 
range of wave-lengths. This range of wave-lengths appears to correspond 
approximately with that of our visual observations, which extend to the 
mercury line Hg 4368. Within this range, our experience shows that the 
refractive indices of unconjugated compounds can be expressed by equations 
which include only one variable term, with a characteristic frequency in the 
Schumann region. In particular, the influence on the dispersion curve of 
cyclohexanone of the ultra-violet absorption band at 2880 A appears to have 
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Table I — Refractivities of the Carbonyl, Oxygen, and Carboxyl Badicala 


Refractivities 

A Difference 


A 

> C-0 


>(;=o 






+ -0- 



Li 6708 

4'816 

1-621 

6-437 

6 •349 

— 0-088 

Od 6438 

■ 4-832 

1-638 

6-470 

6-373 

- 0-097 

7 sx ^ 6362 

4-839 

1-643 

6-482 

6-372 

-O-llO 

Li 6104 

4-841 

1-637 

6-478 

6-386 

- 0-092 

Na 5896 

4-841 

1-026 

6-466 

6-392 

-0-074 

Hg 5791 

4-854 

1-629 

6-483 

0-402 

-0-081 

Cu 6700 

4-868 

1-622 

6-480 

6-406 

- 0-074 

Hg 5461 

4-869 

1 -620 

0*489 

6-418 

-- 0-071 

Cu 5220 

4 - 8»2 

1-629 

6-521 

6-456 

^ 0-066 

Cu 6153 

4-896 

1-637 

6-533 

6-454 

- 0-079 

Cu 5086 

4-898 

1-629 

6-527 

6-452 

-()-076 

Ba 4934 

4-904 

103) 

6-636 

6-475 

^ 0-060 

Cd 4800 

4-929 

1-650 

6-679 

6-604 

- 0-076 

Zn 4722 

4-935 

1-651 

6-586 

6-517 

- 0-069 

Cd 4678 

4-944 

1056 

6-600 

6-634 

- 0-066 

Li 4603 

4-949 

1 -654 

6-603 

6-535 

- 0-068 

Ba 4554 

4-960 

1-667 

6-627 

6*661 

- 0-066 

Hg 4368 

4-977 

1-668 

6-646 

0-690 

- 0*055 

4300 

4-98 

1-67 

6-66 

6-60 

- 0-06 

4200 

4-98 

1-67 

6-65 

6-61 

- 0-04 

4200 

4-98 

1-68 

6-«« 

6-62 

- 0-04 

4160 

4-99 

1-68 

6-67 

6-64 

- 0-03 

4100 

6-00 

1-69 

6-69 

6-66 

- 0-03 

4060 

6-00 

1-70 

6-70 

6-67 

- 0-03 

4000 

SOI 

1-70 

6-71 

6-69 

- 0*02 

3950 

6-02 

1-71 

6-73 

6*70 

- 0-03 

3900 

5-04 

1-72 

6-76 

6*72 

- 0-04 

3860 

5-06 

1-72 

6*78 

6-74 

- 0-04 

3800 

5-07 

1-72 

6-79 

6-76 

- 0*03 

3760 

5-09 

1-73 

6-82 

6-78 

- 0-04 

3700 

511 

1-73 

6-84 

6-80 

- 0-04 

36.50 

6-12 

1-74 

6-86 

6-81 

- 0-05 

3600 

5-14 

1-74 

6-88 

6-83 

- 0-05 

3550 

6-lH 

1-74 

6-90 

6-84 

- 0*06 

35iX ) 

6-18 

1-74 

6-92 

6-86 

- 0-06 

3460 

6-20 

1-74 

6-94 

6-87 

- 0-07 

3400 

5-22 

1-73 

6-95 

6-89 

- 0-06 

3350 

6-24 

1-73 

6-97 

6-90 

— 0*07 

3300 

6-26 

1-73 

6-99 

6-92 

- 0-07 

3260 

6-28 

1-72 

7*00 

6-96 

- 0*05 

3200 

6-30 

1-72 

7-02 

6-97 

- 0*06 

3160 

5-32 

1-72 

7-04 

7-00 

- 0-04 

3100 

6-35 

1-71 

7*06 

7-04 

- 0-02 

3060 

6-37 

1*72 

7-09 

7-09 


3000 

6-39 

1-73 

7-12 

7-15 

4 - 0-03 

2950 

6-38 

1-74 

7-12 

7-24 

4 - 0 *12 

2900 

6-36 

1-76 

7-12 

7-34 

4 - 0-22 

2860 

6-37 

1-79 

7-16 

7-47 

4 0-31 

2800 

6-45 

1-83 

7-28 

7-69 

4 - 0-31 

2760 

6-63 

1*87 

7-40 

7-70 

4 - 0-30 

2700 

5-59 

1-91 

7-50 

7-82 

4 - 0-32 

2660 

6-64 

1*95 

7-59 

7-94 

4 - 0-36 

2600 

6-69 

1-98 

7-67 

8-06 

4 - 0-39 

2560 

6-73 

2-01 

7-74 

8-17 

4 - 0*43 

2500 

5-78 

2-03 

7-81 

8-28 

4 - 0-47 

2460 

6-86 

2-06 

7-91 



2400 

6-93 

2-08 

8-01 

— 
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Table II— Refractdvity of the >C=0 Radical in the Region of Absorption 


A 

Roo 

A 

Boo 

A 

Boo 

A 

B-oo 

3376 

6 231 

3160 

6-325 

2951 

5-358 

2718 

5-662 

3306 

5-260 

3126 

6-324 

2036 

6-371 

2703 

6-587 

3286 

6*260 

3100 

6-362 

2904 

6-363 

2676 

5-608 

3260 

6-282 

3068 

6-359 

2864 

6-371 

2661 

6-626 

3220 

6*290 

3046 

6-376 

2807 

5-434 

2636 

6-653 

3187 

6*296 

3003 

6-384 

2789 

6*461 

2596 

6-692 

3178 

6-322 

2990 

6-397 

2746 

6-628 




Rcoy Rco 



Fio. 1 — Ka&actlTitiea of the Oxygen, Carbonyl, and Carboxyl Eadioals 


died out completely before the visual region is reached. Within this limit 
therefore calculations of refractivity may have a validity that they do not 
apppear to possess in the ultra-violet region. The device of extrapolating 
refractivities to infinite wave-length as used by Bruhl* (1880), Landoltf (1882), 


* ‘ Liebig’s Ann.,’ vol. 200, p. 189 (1880). 
t ‘ Liebig’s Ann.,’ vol. 213 , p. 75 (1882). 
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and Eykman* (1893), has much to commend it, since the probability that 
additive relationships will hold good may be expected to increase progressively 
as the region of absorption in the ultra-violet becomes more remote. 

The occurrence of a shallow maximum and minimum in the experimental 
data for the refractivity of the oxygen-atom obviously depends on a lack of 
strict parallelism between the curves of refractive dispersion of cycJohexane 
and of ct/cfohexanoL In the visual region, the refractive indices of both 
compounds can be expressed by equations containing a single variable term 
with similar characteristic frequencies in the Schumann region at 1106 and 
1109 A respectively ; but there are good reasons for believing that the band 
system of the polymethylenes must already be complex, and would be rendered 
still more complex by the introductioa of an oxygen atom. The refractive 
indices are therefore dominated not by a single frequency but by a cluster of 
frequencies, and must be made up of a bundle of partial refractions. Any 
alteration in the relative intensity (as well as in the characteristic frequency) 
of these components would cause a displacement of the minor idiosyncrasies 
of the dispersion curves, and would thus give rise to ripples (such as are now 
recorded) in the curves for the differences between the refractivities of two 
related compounds. These are obviously comparable with the ripples in the 
curves showing the differenctj between the observed and calculat<?d refractive 
indices of each individual compound. 

In support of this conclusion attention may be directed to the remarkable 
irregularities which Voellmy obtained by plotting the differences of refractivity 
for pairs of homologous ketones, when the absorption band is displaced on the 
scale of wave-lengths by the introduction of the methyl radicals. Thus, when 
deduced from the refractions of acetone and of methyl ethyl ketone, the refrac- 
tivity of the methylene-group passed through a conspicuous maximum at about 
2700 and minimmn at about 2650 A, in a region in which the methylene group 
is itself completely transparent. Even more remarkable anomalies were 
recorded when the refractivity of the methylene radical was deduced from the 
difference between cycldhext^none and its o- and p-methyl derivatives, since 
(in addition to a “ step-out or shelf at 3800 A) the curves exhibited 
maxima at 2900 and 2600, and minima at 2800 and 2200 A, which are much 
more striking than the real anomalies of the> CO group in the region of 
absorption, since these can be detected only with difficulty on some of Iris 
curves and not at all on others. 


* ‘ Rec. trav. ohim.,* vol. 12, i^, 157, 268 (1893), 
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Refraotmiy of the CarboxyUmdical 

Tho data for the carboxyl-radical are much more normal. The refractivity 
rises relatively slowly from 6708 to 3100 A ; but at shorter wave-lengths it 
increases much more rapidly on approaching an absorption- band with a maxi- 
mum at about 2075 A.* The slow increase at longer wave-lengths shows that 
the carboxyl-group (like the carbonyl and methylene groups) possess a character- 
istic frequency in the Schumann region, wliich dominates its refractivity at 
the longer wave-lengths. The sharp rise on approa(jhing tho absorption band 
takes place at the same wave-length as the breakaway of the curve of refractive 
indices from the calculated curve for an equation with one variable term,f 
and can be attributed to the appearance of an additional partial refraction 
associated with this band. 

If their refractivities were strictly additive, it should be possible also to 
deduce tlie refractivity of the carboxyl-group from those of the oxygen and 
carbonyl-radicals 

R[00 J R[0] + R[CO]. 

It is, however, well known that the carboxyl-radical is abnormal both in its 
chemical and in its physical properties. Thus, it no longer possesses the 
chemical properties of the carbonyl-group in aldehydes and ketones ; and 
even the parachor, which is usually so strictly additive a function of the com- 
jjonent radicals, gives an abnormal value for the eslers, in which Og — 60*0 
instead of 2 X 20 *0 + 23*2 — 63*2. By comparing the refractivities of the 
carboxyl-group with those now deduced for the constituent oxygen and car- 
bonyl-radicals, we can obtain a measure of the influence on their optical 
properties of the close contiguity of these two polar and highly-polarizable 
groups. This influence is expressed by the differences shown in Table I, 
and by the corresponding curve in fig. 1. 

In the visual region from Li 6708 to Hg 4358 where the additive relations 
appear to be relatively satisfactory, the interaction of the two radicals has a 
negative influence, since the refractivity of the carboxyl-group is less by about 
O' 08 units than the sum of the refractivities of the oxygen and carbonyl- 
radicals. The differences then decrease to zero at a wave-length, 3050 A, 
within the range of the absorption band. The positive differences then increase 
rapidly up to the maximum of absorption at 2880 A, when the difference 
curve flattens out over a range of about 100 A. The idiosyncrasies between 

• Port V. 
t /W(i. 

VOL. OXLVI.—A. 2 A 
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3050 and 2750 A are due to the aiiomalies in the refractivity of the carbonyl- 
group on passing through the absorption band at 2880 A ; but they are followed 
by a rapid incretise in the positive differences as the absorption band of the 
carboxyl-gTOVL]^ at 2075 A is approached. It is noteworthy that the interaction 
which produces a d^icrease of refractivity in the visual region, corresponding with 
the decrease in the parachor, gives rise to an increase in a region of shorter 
wave-lengths, and that the additive rule is momentarily valid at a wave-length 
of 3050 A. 

Molecular Theory of the Oriyin of Optical Rotatory Power 

In a paper ** Calcul du pouvoir rotatoire d'une molecule t6tra6drique/’ 
de Malleman* deduced for the rotatory power of a tetrahedral model a formula 
which contains the factors + 2)* AiA 2 A 3 A 4 /X^, where n is the mean re- 
fractive index of the medium and A^AgAgA^ are the “ reduced refractivities 
of four atoms at the corners of the tetrahedron. Calculations of the rotatory 
power of a compound, CHClBrl, which has not yet been prepared, then showed 
that the rotation thus deduced (3*2® per cm) was of the order of magnitudt* 
to be expected in such a compound. A similar model, described by S. F. 
Boys at a meeting of the Royal Society on February 15, 1934,t gave rise to a 
formula containing the tenn 2) (p^ + 5) RaRijRcRd/^** where 

p is the mean refractive index of the medium and RARi^RcRn the re- 
fractivities of four radicals at the corners of a tetrahedron. Calculated values 
for the rotations of some of the simplest optically active molecules were again 
shown to be of the right order of magnitude, as compared now with the observed 
rotations of these compounds. There can therefore be little doubt that this 
tetrahedral model is adequate to account for the existence and approximate 
magnitude of the '‘normal” rotatory power of the simplest dissymmetric 
compounds, in terms of the linear dimensions of the molecule and the refractive 
indices of the constituent radicals. 

Nortnal Rotatory Dispersion of CarhimlsX 

One of the simplest methods of testing the “ molecular theory of optical 
rotatory power ”§ is to ascertain how far it can be used to account for the 

* ‘ C. E. Ae xd. Soi. Paris/ vol. 181, p. 298 (1925). 

t ‘ Proo. lioy. 8oc./ A, voJ. 144, p. H65 (1934). 

I We are indebted to Mr. H. F. Willis for making the oalculatioiis recorded under this 
heading. 

§ de Mallomann, ‘ Ami. Physique/ voL 2, p. 137 (1924) ; ‘ Trans. Faraday Soc.,' vol. 
26, p. 281 (1930). 
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simple rotatory dispersion of dissymmetric molecules which contain only one 
asymmetric atom and no unsaturated or chromophoric groups. This test 
has the advantage of eliminating all hypotheses as to the size and shape of the 
molecule, since these remain fixed when only the wave-length of the incident 
light is changed. Calculations of rotatory dispersion are therefore independent 
of the postulate that the four dissymmetric radicals can be treated as spheres, 
which may hn plausible for atoms such as F, Cl, Br, I, and radicals such as 
OH, NHj, and CHg (which have a similar electronic structure to the halogens), 
but is obviously unsound for radicals such as — CHg . CH 3 and — CH 2 . OH. 
Thus, without assuming any knowledge of the linear dimensions of the mole- 
cule, or of the nature of the function through which they influence its optical 
rotatory power, we can calculate from the refractivitiea of the radicals the 
values of the product (w® + 2)® A 1 A 2 A 3 A 4 /X® or (|ji® + 2) [x® -f 5) RaRbHcRd/X® 
for the green and blue mercury lines, and compare the ratio of these two 
products with known values of the optical rotatory dispersion-ratio 
For the purpose of this test, it is convenient to use the data for the two simple 
alcohols : 


6 'ec-Butyl alcohol 

, CH . OH 

CH,' 

*5461 

1-661 

oof- Amyl alcohol 

)CH . CH, . OH 

CHs 

1-700 


The dispersion-ratio of sec-butyl alcohol difiers but little from the average 
value for several series of secondary alcohols which wore examined in 1915 
by Lowry, Pickard, and Kenyon,* I*fi52 for the other methyl carbinols, 
1 • 660 for the ethyl carbinols, and 1 * 663 for the iso-propyl carbinols, the lowest 
member of each homologous series being excluded. oci-Amyl alcohol, on 
the other hand, gives a dispersion ratio which is abnormally high, but agrees 
closely with tliose of 

0^858 


Methyl iso-propyl oarbinol CHo^ 

^CH . CHOH . CHa 


«6461 

1-697 


* ‘ J. Chem. 800 .,* vol. 105, p. 94 (1915). 


2 A 2 
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CH^ 

Methyl <er-butyl carbinol GHj— C . CHOH . CH, 

CHg/ 

C H 

woValeric acid ^CH . CO . OH 

The atomic refraotivitica of carbon, hydrogen, and oxygen for the two mercury 
lines are not included in the usual tables, but the values given in Table III 
have been deduced from the refractivities tabulated l)y Eisenlohr* for the 
sodium and hydrogen lines, using for each the formula of Lorentz and Lorenz 
in which the refractivity is expressed by the function 

R __ - 1 M 

2 d 

Table III. 


|H1 [01 [CJ [OH] ICH 3 ) [CAl [CH^.OH] 

Hg 1358 M22 1*540 2*465 2*662 5-831 10*376 7-371 

Hg 5461 . M06 1-627 2-423 2-633 6-741 10-540 7-268 

Rutio 1-016 1*009 1-018 1-011 1*016 1*016 1-014 


The principal factor in determining the dispersion-ratio is the term 1/X*^ 
which for th(j two wave-lengths in question gives rise to a ratio 1-570. For 
the carbinols, this ratio has to be increased by 4 to 8% with the help of four 
refractivities, which provide multipliers ranging from 1-011 for the hydroxyl 
radical to 1-016 for the alkyl radicals, together with a factor (n^ + 2)^ or 
(fi^ + 2) (|r^ + 5), which provides a further increment of about 0*8 %. As 
de Malleinaunf has pointed out, this is sufficient to bring the calculated ratio 
within the range of the observed values of the rotatory-dispersion ratio in 
compounds of this class. 

The results of this comparison for the product RaB^bRcRd/X® are 

Dispersion-ratio 
(observexl ) (calculated) 


j?ec-Butyl alcohol 1.661 1 ■ 661 or I • 664 

acif-Amyl alcohol I .700 1-666 or 1-668 


* ** Spektrochemie Organischer Verbindungen,” Stuttgart, 1012, p. 48. 

t ‘ Trans. Faraday 80c.,’ vol. 26, p. 292 (1930). 


*6461 

1*707 

1-710 
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la deducing the first pair of values for the refractivity ratio, the central atom 
of carbon was ignored ; in deducing the second pair of values, the shared 
electrons of the carbon atom were assigned to the octets of the four surrounding 
radicals, after the manner of Kossel, as used by Boys. 

The lower value, 1*661 for sec-butyl alcohol is correct to the third decimal, 
whilst the higher value, 1*664 is perhaps within the limits of experimental 
error; but the further increase to 1*677, produced by the factor 2) 

(fjL* + 6), would make the product definitely incorrect. On the other hand, 
the dispersion-ratio of ac^-amyl alcohol, 1*700, is too high to be expressed 
by this formula, since the maximum value given by the product 
for any saturated compound of carbon, hydrogen and oxygen is 
1*57 X (1*016)^ === 1*673, and the factor (p® + 2) (p® + 5) only increases 
this to 1 *686. Whilst, therefore the formula deduced by Boys can be used 
to accomit for the rotat/ory-dispersion of the simpler secondary alcohols, the 
experimental values for the primary alcohols, and for the secondary alcohols 
with branched chains, are outside the range of the formula. 


Anomalous Rotatory Dispersion of Aldehydes and Ketones 

The anomalies in the rotatory dispersion of optically active ketones and 
aldehydes in the region of absorption are of a very strildng character, especially 
when contrasted with the minute ripples produced by the ketonic absorption 
band in the curves which represtmt the refractivity of the carbonyl-group. 
Thus the vapour of camphor shows maxima of specific rotation = +2000° 

and -“1860° on either side of a zero value at 3020A* as compared with 
[otj = 65° for the yellow sodium line. In the still more remarkable tetra- 
acetyl-p-arabinose, H[CH , OAc] 4 . CHO, where the partial rotations of the 
thiee fixed asymmetric centres appear to cancel out completely, a solution 
in chloroform gave equal and opposite maxima, — + 1200°, on either 

side of a zero value at 2909 A, as compared with [a]n — 61 *8° and — 

76*6°.f It is indeed remarkable that an absorption band which dominates 
the optical rotatory power of aldehydes and ketones throughout the visible 
and ultra-violet spectra, and which also gives rise to profound photochemical de- 
composition when light of similar frequency is absorbed, J should be so weak 
as to influence the refractivity of the radical by only ± 1%. Alternatively, 

* Lowry and Gore, ‘ Proc, Roy. 800 .,’ A, vol. 136, p. 13 (1932). 

t Hudson, Wolfrom, and Lowry, ‘ J. Chem. Soo.,* p. 1179 (1933). 

X Norrish, * Trans. Faraday Soc.,’ vol. 27, p. 404 (1931) €i wg. 
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if we attribute to the band in the Schumann region an intensity log e = 5, it 
would appear that only one molecule in perhaps 10,000 is able to absorb a 
quantum from incident light of wave-length 2880 A at the maximum of the 
ultra-viohit band* 


Origin of Anomalous lioUitory Disfcrsion of Aldehydes and Ketones 

de Mallemann* suggested that “ the observed influence of heavy atoms and 
of specially mobile electrons (double bonds) *’ could be expressed by means of 
the product of the reduced refractivities ; but in a private communication he 
restricts his theory specifically to “ regions of spectral transparermy,^' On the 
other hand, in the verbal presentation of Ids paper to the Royal Society, Boys 
claimed that the anomalous rotatory dispersion of a ketone such as camphor 
could be attributed to anomalies in the refractive dispersion of the radical 
containing the carbonyl-group, and that the theory of “ induced dissym- 
metry,” put forward by Lowry and Walker in 1924, f was thiuefore unnecessary. 

The data now recorded show that this claim is entirely unjustified. Thus, 
on the basis of the formulse referred to above, the rcMion can only pass through 
a zero value if the refractivity of ij^e urhsaimaied radiml aUo beconm zero. The 
anomaly in the refractivity of the carbonyl-group on passing through the 
ultra-violet absorption band is, however, so minute that the refractivity 
curves of fig. 1 show no tendency to cut the zero axis in the region of absorption, 
and it is obvious that the absorption is much too feeble to reproduce the 
phenomena recorded by R. W. Wood in sodium- vapour. J It is therefore 
impossible to account for the observed anomalies in the rotatory dispersion of 
aldehydes and ketones by means of this factor, since in the aldehydes the 
refractivities recorded above would be increased by that of a hydrogen atom, 
and in an optically active ketone by the refractivity of an alkyl radical, and 
would thus bo removed still further from the axis of zero refractivity. 

It is of interest to enquire under what conditions the anomalous refractivity 
of a carbonyl-group could give rise to anomalous rotatory dispersion in terms 
of the “ molecular theory ” of optical rotatory power, as expressed in the 
formula) cited above. For this purpose, the refractivity of the electroiis which 
are associated with the optically active absorption band must obviously be 
segregated, in such a way that the tiny ripple due to this band lies on an axis 

* ‘ C. R. Aoad. Sci. Paris/ vol, 181, p. 298 (1925). 

t ‘ Nature/ vol. 113, p. 665 (1924) ; Lowry, ‘ Nature,' vol. 131. p. 666 (1938). 

t ‘ Phil. Mag.,’ vol. 8, p. 293 (1904) ; “ Physical Optics,” pp. 418-427 (1923). 
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of zero refractivity, instead of on a curve which is remote from this axis. 
This might be effected by considering the carbon atom of the carbonyl-radical 
in an optically-active ketone as an additional asyinnietric centre. The radicals 
and in the system . CO . Rg would then contribute two refractivities 

Aj and or Ra and R^ to the prodiuit, whilst the shared electrons of the 

double bond would contribute two refractivities Ag and A4 or Rn and R(>. In 
an optically active compound the two latter refractivities need not be equal 
to one another, since the double bond is no longer symmetrical, but is polarized 
unsyinmetrically by the int/crnal field of the molecule. Moreover, since these 
refractivities need not include any extraneous refractions, one or both of 
them might pass through a zero value in the middle of the absorption band. 
Under these conditions, therefore, a feeble anomaly in the curve of refractive 
dispersion might give rise to the gross anomalies shown by the curves of rotatory 
dispersion. These conditions are, however, identical with those which were 
postulated by Lowry and Walker, when they suggested that the carbonyl- 
radical might itself become optically active in the internal field of the molecule 
and thus give rise to a separate partial rotation, in addition to those which 
depend directly on the fixed dissymmetry of the asymmetric atoms. 

This suggestion was at that time entirely novel. Thus Tschugaeff in 1913*’' 
had suggested that in a coloured (X)mpound the partial rotations of the asym- 
metric centres might include terms “ determined by the influence of the 
chromophores/' on very similar lines to the concepts used by de Mallemann 
and by Boys ; but no suggestion was made that these chromophores might 
become optically active under the influence of the asymmetric centres. It is 
now evident, however, that the “ molecular theory ’’ of optical rotatory 
power can only be extended to cover the phenomena of anomalous rotatory 
dispersion by replacing de Malleinann’s Mmns, or Boys' radioah, by electrons^ 
as regards at least one of the refractivities, and that this can only be done with 
the help of an asymmetric centre within the chrmiophoric group, in addition to 
those which are associated with asymmetric carbon atoms. 


Summary 

1 — ^From the refractive indices recorded in Part V, values are deduced for 


the refractivities of the radicals ^0, 
wave-lengths from 6708 to 2400 A. 


.0 


0, and — over a range of 


♦ Tschugaef! and Ogorodnikoff, *Z. phys. Cliem.,’ vol, 86, pp. 507-508 (1013). 
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2— The refractivity of the carbonyl radical exhibits an anomalous dispersion 

in the region covered by the absorption band with maximum at 2880 A, but 
this anomaly is represented by a ripple with a range of only or ±1% 

of the total refractivity of the radical 

3— The refractivity of the oxygeM-xad\o^\ exhibits a slight anomaly, in a region 
of complete transparency ; this ia attributed to small differences of refractive 
dispersion between cyclohexane and cyclohexanol, although both can be 
expressed throughout the visual region by an equation with the same character- 
istic frequency at about 1100 A, 

4 — The refractivity of the carho^ryZ-group is of a normal type, but the values 
increase very rapidly as the absorption band at about 2075 A is approached. 
In the visual region the refractivities arc about 0‘08 or 1*2% less than the 
sum of the refractivities of the constituent oxygen and carbonylradicals, 
but this difference disappears at 3050 A. At shorter wave-lengths the refrac- 
tivity of the carboxyl-group becomes greater than the sum of the component 
refractivities, on account of the growing influence of the carboxyl band, but 
the difference curve also reproduces the anomaly of the >CO group on passing 
through the absorption band at 2880 A. 

5— The rotatory dispersion of sec-butyl alcohol can 

be accounted for by means of the term RaRbRcRu/X®, where RaRbRcRd are 
the refractivities of the four radicals ; but the values given by this formula, 
even when multiplied by the factor 2) {(x^ -f 5), never reach that 

observed in ool-amyl alcohol, for which = 1'700. 

6 — The anomalous rotatory dispersion of aldehydes and ketones in the 
region of absorption (which includes two maxima of opposite sign on either 
side of a zero rotation) cannot be attributed to the anomalous refractive 
dispersion of the carbonyl-group, sincje this docs not pass through a zero value. 
This phenomenon might, however, be accounted for by postulating the presence 
of an additional asymmetric centre mthin the chromophoric radical, as in 
Lowry and Walker’s theory of “ induced dissymmetry.” 
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The Modes of Activation of Aldehyde Molecules in Decomposition 

Reacticms 

By C. N. HiNSHKiiWOOD, F.R.S., C. J. M. Fletchee, F. H. Veehokk, and 

C. A. Winkler 

(Received April 18, 1934) 

In reactions depending on the decomposition of a single substance the 
general relation between the rate, as represented by the reciprocal of the time 
of half change, and the initial pressure is given by a curve which at first rises 
from the origin and then bends round to become parallel to the pressure axis. 
The point at which the curve becomes horizontal, and the height of the limiting 
ordinate depend upon specific constants. Thus, if a molecule suffered a 
number of alternative decon)f>ositions, the total rate of change would be repre- 
sented by a curve which showed a corresponding numb«^r of changes of slope 
in particular regions of pressure, giving it a segmented appearance. 

The curves for nitrous oxide’^' and for acetaldehydef show such 
an appearance, and the decompositions appear to be composite. 
Yet the products of reaction are the same over the whole pressure range. { 
The same chemical reaction thus occurs by mechanisms which differ in some 
physical way. This can be interpreted by assuming different types of activated 
molecule which have widely different decomposition probabilities. 

The segmented curve can be roughly analysed into a series of curves each 
rising at first and then reaching a limiting height, as shown in fig. 6 of the paper 
of Fletcher and Hinshelwood, each curve corresponding to a different type of 
activated molecule. The slope of the rising, or “ second order,” part of each 
of these fundamental curves is proportional to the rate at which activated 
molecules are produced, and the limiting height to the probability of the 
decomposition of the particular type of activated molecule. The reaction 
corresponding to a small probability of decomposition will be observable 
experimentally only when the time between collisions is relatively long, that 

* Muagrave and Hinshelwood, ‘ Proc, Roy. Hoc.,’ A, vol. 135, p. 23 (1932); Hunter, 
ibid,, vol. 144 , p. 386 (1934). 

t Fletcher and Hinshelwood, iWd., vol. 141, p. 41 (1933). 

I At 400 mm acetaldehyde gives carbon monoxide and methane quantitatively. The 
avetage of four analyses made on the products from acetaldehyde at 16-18 mm gave : — 
Gas: contraoti<m on combustion: CO, formed 1*00 : 1-22 : 0*98, Theoretical for 
CH 4 f CO«« 1-00:1-25:1-00, 
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is at low pressures, aud then only if the rate of activation for that particular 
mode is greater than that of the other inodes of activation. If a long time 
between collisions is required for reaction, a comparatively low pressure will 
be suflicieut to maintain the equilibrium concentration of activated molecules, 
so that the curve for the reaction with a small decomposition probability 
bends over more quickly than that for the reaction with the higher probability. 
This condition is illustrated by the curves 1 and 2 of the figure above referred 
to. The curve which rises steeply and bends at low pressures thus means a 
high rate of activation and a small probability of decomposition. 

It was suggested that the different activated states in acetaldehyde corre- 
spond to a location of the energy in different parts of the molecule. The 
essential process in the decomposition of an aldehyde is the migration of a 
hydrogen atom and the breaking of a C — G bond. Energy of activation com- 
municated by collision to any part of the molecule other than one of the two 
bonds in question will have to be redistributed before decomposition can occur. 
Hence the widely varying probabilities of chemical reaction according to the 
location of the energy. 

The problem now arises of attempting to correlate particular parts of the 
curve with the activation of specific degrees of freedom in the molecules of 
particular compounds. The most direct method is to investigate changes in 
the form of the curve when the structure of the molecule is varied in a known 
way. For this purpose a comparison has been made of the behaviour of 
acetaldehyde with formaldehyde, propionic aldehyde and chloral. The 
reaction in each substance consists in the removal of carbon monoxide from 
the molecule. With formaldehyde the residue is hydrogen, with acetaldehyde, 
methane, with chloral, chloroform which decomposes further, and with pro- 
pionic aldehyde, a variety of products of which ethane is the principal one. 

The actual experimental results are described in the following papers and 
in a previous paper.* In the present paper the general conclusions are sum- 
marized and discussed, A general comparison of the shape of the curves for 
the four substances is shown in fig. 1. Except for chloral, which decomposes 
at a very much lower temperature, all the curves represent decomposition at 

666" C.t 

• ‘Proo. Roy, Soc.,’ A, vol 14J, p. 41 (1933). 

t The temperatures were compared in terms of the same thermocouple (platinum- 
platinum -rhodium). The restandardization lowers by 4^ the temperatures given by 
Fletcher and Hinshelwood ; 560® of their paper should read 556®. The original temperature 
scale of Hinshelwood and Hutchison corresponds to a value between the old and the 
corrected value, but very close to the latter (‘ Proc. Roy. Soc.,' A, vol. Ill, p. 880 (1926) ). 
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The most striking contrast revealed by the curves is the relative increase 
in the magnitude of the lower segments with increase in the degree of sub- 
stitution of the aldehyde. With formaldehyde, as far as has been determined, 
the curve consists of a line passing through the origin and showing no changes 
of slope. Tliis suggests that in formaldehyde there is a single mode of activa- 
tion, as might be expected from its simple structure. Acetaldehyde shows 
additional modes of activation, which are still more pronounced with propionic 
aldehyde and with chloral. From all the evidence, we shall conclude that 
those corresponding to the lower segments represent the location of the activation 



energy in parts of the molecule remote from the aldehyde group. The residual 
slope of the lines at high pressures, on the other hand, represents the simplest 
and most direct mode of activation for the decomposition of an aldehyde. 

Althotigh at 656® the rates of reaction at the lower pressures increase from 
formaldehyde to propionic aldehyde, at higher pressures the curves cross, so 
that formaldehyde decomposes most readily while with propionic aldehyde 
the line becomes almost horizontal. The part played by the simple mode of 
activation thus becomes less in absolute magnitude with increase in length of 
the hydrocarbon chain. This is in accord with what might be expected, from 
electronic theories of organic reactions, from the effect of the alkyl group in 
strengthening the attachment of the aldehyde hydrogen. On the other hand» 
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the more complex modes of activation, as represented by the lower segments, 
are much in evidence, and become more so as the molecules are more heavUy 
substituted. This can be understood in terms of our hypothesis, because there 
are many more ways in which the energy can be given to the molecule, 
it can reside in the more remote parts of the alkyl group, and have to find its 
way to the sensitive part of the molecule before decomposition can occur. 
As is well known from the general theory of uiumolecular reactions, such a 
state of affairs gives rise to a high rate of reaction, because more degrees of 
freedom can contribute. For example, even though the energy may reside 
in the methyl group, the three degrees of freedom of the three C — H bonds 
give an enormously increased chance that the requisite energy is present, and 
this more than compensates for the smaller probability that it ultimately 
finds its way to the right place. 

As far as concerns the general thesis that decomposition reactions may be 
kinetically composite, nothing need be assumed about the energies of activation 
at different pressures. What has just been said applies specifically to the 
identification of tliat mode of activation which happens to predominate at 
low pressures in the particular example of the aldehydes. Tliis special 
interpretation is supported by a consideration of the experimental values of 
the energies of activation. These are given in Table I, which should be con- 
sidered in conjunction with fig. 1. 


Table I 


Presfiwrt* (nmi Hjj;), 25 30 100 200 360 400 

HCHO — — 44,000 - — 

ensmo 65,000 — — 60,400 — 47,700 

CjMrOHO 63,600 61,200 59,600 6it,0C0 — 

VA\CnO ^ — 49,200 49,200 — — 


With formaldehyde the energy of activation corresponds to the simplest 
mode of activation, the number of molecules reacting being given by Z . ; 

in other words, practically every collision between two molecules possessing 
enough energy to activate one internal degree of freedom (two square terms) 
can lead to reaction (Fletcher, p. 357). With acetaldehyde the high pressure 
part of the reaction can be expressed in the same way,* but the energy of 
activation corresponding to the lower segments of the curve is greater.f To 
account for the rate of reaction at lower pressures, increasing numbers of 
degrees of freedom must be brought in. 


^ Himhelwood and Hutchkon, loc. rM, 
t Fletcher and Hinshelwood, loc. cit. 
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Tlia same increase in E with decreasing pressure is found with propionic 
aldehyde, but here the contribution of the “ high pressure ” part of the re- 
action is so small that, even at the highest pressures measured, E is still too 
great to allow the rate to be accounted for by activation in two square terms, 
p. 356. If the contribution from the low pressure ” mechanisms could bo 
eliminated, it is possible that there might be a residual reaction with a rate 
given by the simple formula. 

With chloral, the decomposition takes place at a comparable rate about 100° 
lower. This is what might be expected from the loosening of the aldehydic 
hydrogen by the chlorine atoms. The energy needed in the vital bond must be 
less, and if the reaction were of the second order ” type, as with formaldehyde, 
we should expect the B value to be correspondingly small. But, as the curves 
show, the reaction is predominantly of the type which we are associating with 
the more complex modes of activation. Accordingly we find, as with acetalde- 
hyde and propionic aldehyde at lower pressures, that the E value is much 
greater than would correspond to the simple mode of activation. Comparison 
of clJoral with ac/ctaldehyde raises the question why the simple mode itself 
should not be more in evidence. The explanation may well be that the chlorine 
atoms, whetlier by mere sisse or mass, or by some more specific effect, cause 
the energy of collision to enter the CCI3 group preferentially. 

So far no distinction has been made between the separate segments into 
which we consider the low pressure part of the curves for acetaldehyde and 
propionic aldehyde, p. 345, to be divided. 

Although there is no question of any discontinuity in the curves, and it 
must be emphasized that no such discontinuity has been suggested, neverthe- 
less the changes of slope can hardly be represented except by functions with 
more than one set of independent constants. 

Below 100 mm, with propionic aldehyde and acetaldehyde, there are two 
distinct regions of changing slope, namely at about 40 mm, and at 1 to 10 mm. 
The reaction which gives rise to the lowest bend is the one with the smallest 
transformation probability, as discussed above. In the special example of 
the aldehydes this reaction is the one with the highest energy of activation. 
It might therefore be assumed that the energy is located in the region of the 
molecule most remote from the aldehyde group, namely, the C — H links of the 
alkyl group. The probability of energy getting from here to the vital link is 
small, but, since the corresponding degrees of freedom are numerous, a high 
activation rate is possible. Thus we have a rapid rise with increasing pressure, 
and the early attainment of the small limiting value. The prominence of the 
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lowest segment with propionic aldehyde, as compared with acetaldehyde, can 
be explained by the greater number of alkyl C — H links. 

In this connection, we may consider the analysis of the propionic aldehyde 
reaction products. At the higher pressures the principal products are carbon 
monoxide and ethane. As the pressure falls ethylene and hydrogen make their 
appearance in increasing proportion, and they can be proved not to come from 
any secondary decomposition of the ethane. The increase corresponds more 
or less exactly to that in the proportion of the reaction corresponding to the 
lowest segment, p. 355. Without going into details of the process by which an 
aldehyde molecule at the moment of decomposition yields ethylene and hydro- 
gen rather than ethane, it is reasonable to suppose that this process has invol- 
ved the activation of one or more atoms of the alkyl group itself. 

Having associated the lowest part of the curve with the activation of the 
alkyl group and the highest part with the direct activation of the vital part 
of the molecule, we might now suppose that any intermediate segments that 
ure distinguishable arise either from modes of activation involving vibrations 
of specific linkages such as the C=0 bond, or from particular deformation 
vibrations, or from particular combinations of various types of vibration. 
From the curves, two extra t 3 rj)es of activation apparently have to be provided 
for, though there may be others not experimentally distinguishable. 

One of these could be provided for by the vibrations of the carbonyl-group. 
Before speculating as to which other might be concerned, we should have to 
know what constitutes activation in the ‘‘ vital bond ” referred to above. 
This has been left unspecified because there seems no easy way of deciding 
whether the “ vital bond is that joining the aldehyde hydrogen to the carbon 
from which it must migrate in the reaction, or the bond joining the aldehyde 
carbon to the adjacent carbon from which it must be severed. Whichever it 
is, one of the others would be available to provide an extra mode of activation, 
and this would be expected to give the second highest transformation prob- 
ability, that is, to provide the segment next to the highest. 

But the increase in the number of degrees of freedom which must be assumed 
in order to account for the reaction rate at low pressures shows that, in principle, 
combinations of difierent vibrations occur. Thus it may not be justifiable 
to identify too rigidly a given mode of activation with one single specific 
link. Even for the simplest mode of activation, the energy may not be 
definitely localizable either in the C — H or in the C — C link, but may reside 
in a deformation oscillation in which the angle between these two bonds 
changes. 
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In the decomposition of propionic aldehyde, methane is formed in a primary 
reaction to some extent. It is possible that the corresponding mode of activa- 
tion involves a bending oscillation, whereby the hydrogen of the aldehyde is 
brought within reach of the methyl group. 

In conclusion, it may be pointed out that the view adopted here of a number 
of distinct transformation probabilities for various types of activated state is 
not inconsistent with those theories* which make any one probability a function 
of the total energy. What have been called transformation probabilities may 
quite well be energy functions rather than constants. But the point is that, 
even so, a number of such functions with considerably different mean values 
are necessary. If the course of the curves discussed above were expressed 
by one function only, it can be shown that the observed energy of activation 
would fall at low pressures. Actually it rises. 

We are indebted to the Royal Society and to Imperial Chemical Industries, 
Ltd,, for grants by which apparatus for these various investigations has been 
obtained. 


Summary 

The curves representing the variation with pressure of the time of half 
decomposition of acetaldehyde and of nitrous oxide indicate that the reactions 
are kinetically composite. A number of different modes of activation of the 
molecules are assumed. By a comparison of the behaviour of differently 
substituted aldehydes — formaldehyde, acetaldehyde, propionic aldehyde and 
trichloracetaidehyde— an attempt is made to characterize some of these 
various modes of activation. 

* Rice and Ramsperger, *J. Amer. Chein. Soc./ vol. 49, p. J617 (1927); KasHel, ‘J, 
Phys. Ohem./ vol 32, p. 225 (1928). 
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The Kinetics of the Decomposition of Chloral and its Catalysis 

by Iodine 

F. H. Vkrhoek and C. N. HiNSHKnwooD, F.R.S, 

(Received April 18, 1934) 

Introditction 

The introduction of chlorine atoms into organic compounds causes marked 
changes in properties which can often be explained in terms of a displacement 
of electrons under the influence of the substituent. It is an interesting question 
how far these influences will show themselves in the kinetic behaviour of the 
substituted molecules. Accordingly the thermal decomposition of chloral 
and its catalysis by iodine have been studied. The decomposition is a homo- 
geneous gaseous reaction which can be compared with the decompositions of 
acetaldehyde and propionic aldehyde. 

Apparatus 

The apparatus was of the usual type, with a silica reaction vessel heated in 
an electric furnace. A tube led to a capillary mercury manometer outside 
the furnace, and the course of the reaction was followed by observing the rate 
of pressure increase. In view of the relatively liigh boiling point of chloral 
it was necessary to keep all the connecting tubes heated to 80^-90® C. Con- 
siderable difficulty was experienced with the lubricants for the stop-cocks 
operating at this temperattire. A special high temperature vapourless grease 
was used, but even this showed a tendency to run and foul the connecting 
tubes. The reaction products also tended to foul the apparatus so that frequent 
cleaning of the whole, including the manometer and the mercury pump, was 
required. 

Naiwe of the Reaction 

Since the decomposition of chloral had not been previously studied, it was 
necessary, first of all, to determine the nature of the reaction. 

The decomposition was found to proceed at a conveniently measurable rate 
in the neighbourhood of 440*^ C. A typical curve obtained when the ratio of 
the increase in pressure to the initial pressure (Ap/p^) is plotted against time 
is given for 441® C and 126 mm. in fig. 1, The pressure increase is directly 
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proportional to time up to about 70% increase ; the curve then slopes off 
rather abruptly and proceeds until Ap/po is about 1 *35. 

If chloral decomposes in the same manner as acetaldehyde, we should expect 
chloroform and carbon monoxide as the products of the reaction. There are 
also present in the reaction products, however, hydrogen chloride, hexa- 
chloroethane, and carbon. The hexachloroethane condenses as a dirty white 
solid in the cooler parts of the apparatus when the products are pumped out. 
(It sublimes without melting at about 60°.) Considerable quantities of carbon 
are formed, appearing as a black deposit on the walls of the reaction vessel, 
Hexachloroethane and hydrogen chloride are known to be formed by the 



Minutes 

’Fio. 1 — o chloral ; ^ chloroform in preaenoe of decomposition products of chloral : 
# chloroform alone. 

tlecomposition of chloroform at these temperatures.* That the formation of 
■chloroform and carbon monoxide is the primary reaction in the decomposition 
of chloral seemed at first unlikely, since, if chloroform alone is allowed to 
decompose, the reaction proceeds steadily for a considerable time after the 
decomposition of chloral at the same temperature would have been complete. 
'This may be seen by comparing the lower straight line of fig. 1 with the curve 
for chloral At 40 minutes, when the pressure increase for diloral has nearly 
reached its final value, the deoompomtion of chlorafom has gone barely half 
way to its end-point (corresponding to Ap/po *®0-60). If, however, chloral 

* Cl Hurd, ‘ Pyrolysis of CSarbon Compounds,’ p, 132, 1929, 

2 B 


von. OXLVl,— A, 
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is allowed to react until there is no further increase in pressure, and ohloiofonn 
is then added to the reaction products, the decomposition is found to be markedly 
accelerated, and the graph of Ap/po against time is given by the curve witii the 
crosses in fig. 1. The decomposition of the chloroform is now complete in 
40 minutes, and the curve resembles the later part of the chloral curve. Thus 
it is possible to suppose that chloroform is one of the primary decomposition 
products of chloral. Gas samples taken when Ap/po was 1 -00 showed appreci- 
able amounts, corresponding to as much as 20% of pg, of a compound containing 



, Fio. 2'— O Carbon monoxide ; • hydrogen chloride. 


a trichlormethyl group, detected and estimated by the pyridine colorimetxio 
test for chloroform.* At this stage of tbe reaction the pressure increase has 
begun to slow up and no further carbon monoxide is being formed, indicating 
that all the chloral has decomposed. The trichlormethyl compound found is 
therefore probably chloroform. 

The results of analyses showing the amounts of hydrogmi chloride and 
carbon monoxide present at various stages of the reaction are plotted in fig. 2 ,. 

• Cole, • J. Biol. Oiem.,* vol. 71, p. 178 (1926). 
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where the ratio of HCl or CO to the initial pressure of chloral is plotted against 
Ap/po* The hydrogen chloride was determined by shaking a sample of the 
gaseous products with water and titrating with barji^a. It was difficult to 
free the chloral from email amounts of hydrogen chloride initially present, 
and the values given should be corrected for this initial contamination, which 
is shown by the intercept which the hydrogen chloride line makes with the 
axis. Rate determinations in the presence of 10 to 15 times as much hydrogen 
chloride as the initial impurity showed that it did no great harm. The amount 
of carbon monoxide was determined by allomng the reaction to proceed in the 
presence of a known quantity of nitrogen, which did not afEect the rate, and then 
analysing for the ratio of carbon monoxide to nitrogen in a Bone and Wheeler 
apparatus. The gases were first washed with alcohol to remove vapours of 
chloroform and chloral, which are not soluble in water or dilute sulphuric acid, 
and which generate appreciable quantities of gas (carbon monoxide) when 
shaken with the concentrated potash used in the analysis. 

The curves in fig. 2 show that hydrogen chloride is formed more and more 
rapidly as the reaction proceeds ; that is, as more and more chloroform accumu-- 
latos. The shape of the curves indic.ate8 that the hydrogen chloride is pro- 
duced in a subsequent decomposition of this chloroform, and is not part of 
the primary products from the breakdown of the chloral molecule. Carbon 
monoxide, on the other hand, appears to be formed from the start and to be 
a primary product. It may be noted, however, that only 75 mm of carbon 
monoxide are formed for every 100 mm of chloral decomposing. In other 
words, about 25% of the chloral molecules form condensation products which 
do not decompose to form carbon monoxide. 

Course of the Reaction at Differerd Pressures and Temperatures 

The combing reactions — decomposition of chloral followed by the deewn- 
position of chloroform — ^are of the same nature at different initial pressures of 
chloral and at different temperatures. If the time for a 50% increase in 
pressure for some given initial pressure and temperature is taken as a standard 
value,*’ and the time scales for reactions at other initial pressures and tempera- 
tures are changed in the ratio of their half times to the standard half time, so 
as to make all the half-times coincident, then the whole course of the reaction 
up to 80% pressure increase is found to be the same for all initial pressures and 
aU temperatures* The result of such a maniptilation is given in fig* 3* Pressure 
increase-time curves were plotted for a range of initial preasuxes and for two 
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3S8 


F. H. Verlioek and C. N. Hinshelwood 


temperatures ; the time scale for each curve was then changed so that all 
curves should pass through the value 60 at the same time as the curve for 148 nun 
and 460°. The curves are seen to coincide over their whole course. 

This fact simplifies the situation, since the time taken to reach any definite 
pressure increase will bear a constant relation to the rate of the primary chlotral 
decomposition, the quantity in which we are directly interested. 



Time in eeconds 

Fio. 3 — The points refer to seven experiments at 460° C with p, from 38 to 204 mm, and 

three experiments at 400° C. 

Order of Reaction 

The order of reaction is best revealed by plotting the reciprocal of the time 
for a given percentage change against the initial pressure. In the present 
example, the time for a definite percentage pressure increase will serve the same 
purpose, as has just been shown. The time chosen is that for a 60% increase, 
and is designated Curves were determined for 440°, 446°, and 460°. An 
example is given in fig. 4, and the results are collected in Table I. The curve 
rises steeply as the pressure increases from zero to 16-20 nun, and then bends 
over and rises much less steeply. 

The determinations of the reaction rate are not as concordant as one mig^t 
wish, but there were no consistent variations in changing &om one sample of 
chloral to another. 
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Table I— Relation between Initial Pressure and Bate, Temperature 446®. 
Pressure in mm, time in seconds 




i>o 

^40 

6 

450 

116 

174 

6-5 

418 

137 

161 

0-6 

367 

163 

149 

12 

350 

176 

143 

12 

230 

179 

171 

15 

210 

193 

149 

26 

214 

201 

129 

31 

191 

222 

152 

67 

189 

228 

139 

82 

175 

228 

137 

100 

178 

233 

136 

101 

175 

261 

134 

106 

174 

296 

131 



321 

123 


Essentially similar results were found at 460® and at 400®. 



Homogeneity 

The reaction is essentially homogeneous, A series of experiments were made 
with reaction vessels filled with silica tubes. The surfooe/volume ratio was 
about four times as great as for the ordinary reaction bulb, but the increase 
in rate was not marked. The ratio of <5^ in the unpacked vessel to that in the 
packed, at 440®, with chloral pressures between 100 and 200 mm was found 
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in various experiments to be : 1*49, 1-30, 1*82, 1*28, 1-11, 1 '07, 1*21. In a 
bulb filled with silica balls, and having a surface/volume ratio about 16 times 
as great as the normal, the increases in rate were given by the factors : 1*08, 
1 * 02 , 1 *36, 1 -27, In this bulb the total increase in pressure was smaller than 
in the unpacked bulb, indicating that a greater proportion of the chloral was 
lost in condensation reactions. This means that a 60% increase in pressure 
represents a greater extent of reaction in the packed bulb, so that the decom- 
position may be speeded up more than the small change in < 5 ^ indicates. 

Temperature Coefficient 

Temperature coefficients were determined for initial pressures of 225 mm 
and 120 mm. The results are given in Table II. The Arrhenius equation is 
followed in a satisfactory manner. No difference in the values of E at the 
two pressures could be detected. Each amounted to 49,200 calories per gram 
molecule. 


Table II — Influence of Temperature 


Temperature 
^ Aba 



Vo 

ho 

673 

119 

1118 

218 

im 


123 

1312 

221 

1127 




233 

1006 

085 

121 

726 

226 

629 


129 

729 

228 

614 

703 

118 

246 

221 

221 


120 

274 

224 

225 


129 

276 



725 

126 

9.3 

224 

85 


131 

93 

225 

85 

736 

no 

61 

232 

60 


142 

53 

232 

50 


120 

67 




The Decomposition Catalysed by Iodine 

The decomposition of chloral is catalysed by iodine, the catalysed reaction 
proceeding at a conveniently measurable rate at a temperature about 60° below 
that for the uncatalysed decomposition. The catalyst was introduced in the 
form of isopropyl iodide, which was allowed a few zninutes to decompose before 
the ohloral was added. Isopropyl iodide yields iodine* according to the 
equation 

2C3H,I«C,H, + C3He + I,. 

* Glass and Hinshelwood, * J. Ohem. Soo./ p. 1815 (1929). 
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When Siplpo is plotted against time, the shape of the curve is not greatly 
diflerent from that for the uncatalysed reaction, but the total pressure increase 
is greater. 

Iodine was also found to catalyse the decomposition of chloroform, and to 
approximately the same extent as it catalyses the chloral decomposition. Thus 
the effect of the iodine is roughly to transport the whole choral-chlorofonn 
system to a position 60° lower on the temperature scale. The following figures 
are typical. 

Temperature 380° C, chloral 216 mm, catalyst 10 mm 


Time (seconds) 47 94 142 203 271 382 

^p|po 0-20 0-40 0-60 0-80 1-00 1-20 


The reaction is of the first order with respect to the chloral over a ten*fold 
range of initial pressures. In Table III are given the values of for varying 
initial pressures of chloral at 380°. The amount of catalyst was 10 mm of the 
products firom isopropyl iodide in each experiment. 


Table III — Catalysed Reaction — Influence of Chloral Pressure 

p,{mm) 64 126 216 286 

<„(bocs) 148 134 117 131 



64 126 216 296 

<„(gocs) 148 134 117 131 


Fiq. 6 

The reaction velocity increases as the concentration of iodine uunreases, but 
not in direct proportion. Fig. 5 shows l/f,o at 380° plotted against the con- 
oentration of catalyst. This nondinear dependence on the catalyst con- 
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ceutration appears to be a general one, and can be given a simple interpreta* 
tion,*** according to which molecnlos of catalyst can both communicate and 
remove activation energy. In the light of this theory it can be shown that 
plotted against the reciprocal of the catalyst concentration should give a 
straight line, a condition which is, in fact, fairly well satisfied by the present 
results. On the other hand, the graph of l/t^^ against the square root of the 
iodine concentration is also a straight line, which would be expected if the 
catalysis involved simple collision with atoms rather than molecules of iodine. 
That the catalyst is atomic iodine is unlikely in the present example, since 
with acetaldehyde and with various ethers there is a linear relation between 
the rate and the concentration of molecular iodine.t 

The temperature coefl&cient of the catalysed reaction was measured over a 
60*^ range. For these experiments the reservoir of isopropyl iodide was kept 
in a bath of melting ice to enstire a constant vapour pressure, and a portion of 
the connecting tubes was used as a pipette to measure a constant amount of 
catalyst (equivalent to 5 mm of decomposed isopropyl iodide at 380*^) into the 
apparatus at each temperature. The data are given in Table IV. The value 
of E is 39,000 calories per gram molecule. 

Table IV — Temperature Coefficient of the Catalysed Reaction 

Temperature 

® Abs (mean values) 

^ 626 754 

636 446 

654 183 

666 urn 

686 61 

The relation between the number of molecules reacting, the collision number 
and the energy of activation will be different according to whether the catalysis 
is due to iodine molecules or iodine atoms. 

From the relation between rate and catalyst concentration, and using the 
fact that the reaction is of the first order with respect to the chloral, it may be 
calculated that the number of chloral molecules reacting per co per second when 
the pressure of chloral is 100 mm at 380° C and the pressure of iodine 1 mm is 
4*4 X 10^. The number of collisions between iodine molecules and chloral 
molecules at 380° and these pressures is 6 • 1 X 10** per cc per second, assuming 

* Bairstow and Hinshelwood, ‘ Proc. Roy. Soo.,’ A, vol. 142, p. 77 (193^) j ‘ J. Chem, 
Soo.,* p. 1169 (1938). 

t * J. Chem. Soc.,’ p. 2616 (2929) ; Cltuius, p. 2607 (2930) ; ClusiuB, Hadman, and 
Hinshelwood, * Proc. Roy. Soo.,* A, vol, 123, p. 88 (1930). 
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5 X 1(H for the diameter of the ohloral molecule and using Rankine's value 
3*76 X 10**® for the iodine molecule. According to the simplest possible 
mechanism, multiplication of this number by should give the reaction 

rate. The value of this product, however, is only 4 X 10^^, 

For the hypothesis of reaction on collision with iodine atoms we can calculate 
the number of iodine atoms per cc at 1 mm and 380® from the equation of 
Bodenstein and Starck* to be 1-6 x 10^^, The number of collisions between 
atoms and chloral molecules for a chloral pressure of 100 mm is 6-4 X 10**, 
assuming a value of 3 X 10“® cm for the diameter of the iodine atom. The 
energy of activation must now be reduced by half the heat of dissociation of 
iodine : this gives 21,000 calories as the net energy of activation for the col-* 
lisions. The product 6-4 X 10** X gives 3*8 X 10^® molecules reacting 

per cc per second. 


Discussion 

The chief matters of interest emerging from the experiments which have 
been described are the following. Chloral appears to decompose in a maimer 
analogous to acetaldehyde, but at a much lower temperature. The increased 
reactivity is what laiight be expected from the effect of the chlorine atoms in 
weakening the attachment of the hydrogen atom in the aldehyde group. This, 
however, is not the whole story, for in spite of the much lower reaction 
temperature— about 100® lower — the energy of activation is no smaller than that 
of acetaldehyde. Thus a considerably greater number of degrees of freedom 
must be invoked to account for the rate of reaction. This is discussed further 
in the paper in which the behaviour of the various aldehydes is compared, 
p. 327. 

The decomposition resembles that of acetaldehyde and propionic aldehyde 
in being subject to catalysis by iodine, but the iodine in the present instance 
is a less effective catalyst, in the sense that it reduces the energy of activation 
to 39,000 calories only, instead of to about 33,000 as with the other aldehydes. 
The assumption that the iodine atom is the catalyst explains the influence of 
the catalyst concentration, and leads to a close agreement between the observed 
reaction rate and the rate of activation with two square terms. Thus it is 
quite possible, as far as the direct experimental evidence goes, that the mechan- 
ism differs from that of the catalytic decomposition of acetaldehyde or pro- 
pionic aldehyde and depends upon collision with iodine atoms. 


♦ * 2. Elektroohem./ vol. 16, p, 966 (1910). 
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On the other hand, the relation between rate and catalyst concentration 
can be equally well represented by an expression of the form recently discussed 
by Bairstow and Hinshelwood {loc. dt), assuming the iodine molecule to be the 
effective agent. On tliis hypothesis more than two square terms are needed 
to account for the rate of activation, as the calculation has shown. This is 
what might be expected from analogy with the uncatalysed reaction. Further- 
more, on the basis of the theory given by Bairstow and Hinshelwood the 
influence of the C — Cl bonds might prevent the iodine from communicating 
the activation energy effectively to the sensitive part of the aldehyde molecule, 
possibly because the large moments of these bonds cause a polarization and 
attraction of the iodine molecule and divert it from the aldehydio group. 

Summary 

The thermal decomposition of chloral is predominantly homogeneous, and 
appears to yield principally carbon monoxide and chloroform — which undergoes 
subsequent decompositions. Condensation reactions also occur to a con- 
siderable extent. So far as the reaction CCI 0 CHO = CHCIa + CO, is the 
principal primary change, the decomposition is analogous to that of acetalde- 
hyde and other simple aldehydes. 

The relation between reaction rate and initial pressure corresponds most 
nearly to that characteristic of a “ quasi-unimolecular reaction. 

The rate is much greater than that of the acetaldehyde or propionic aldehyde 
decompositions, as might be expected from the influence of the chlorine atoms 
on the strength of attachment of the aldehyde hydrogen. The energy of 
activation, however, is 49,000 calories — as great as for acetaldehyde-— and 
numerous square terras must be taken into account to provide an adequate 
rate of activation. 

The reaction is accelerated by iodine. The catalytic reaction is of the first 
order with respect to the chloral, and its rate increases in less than direct 
proportion to the iodine concentration. The catalysis is relatively less 
efiective than with acetaldehyde. The mechanism is discussed. 
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The Thermal Decomposition of Propionic Aldehyde 

By C. A. Winkler, C. J. M. Fletcher, and C. N. Hinshelwood, F.R.S. 

(Received April 18, 1934) 

The hypothesis put forward in 1926, namely, that unimolecular reactions 
are mainly confined to ‘molecules with large numbers of internal degrees of 
freedom, has proved a great stimulus to the investigation of more complex 
molecules, such as those encountered in the field of organic chemistry. The 
hypothesis was suggested by an investigation on the thermal decomposition 
of propionic aldehyde.* Although this work was detailed enough for its 
original purpose, a rednvestigation has become desirable in view of recent 
advances in chemical kinetics. 

According to the collision theory of activation and deactivation, the uni- 
molecular velocity constant should decrease at low pressures. Reactions 
which behave in this way (so-called quasi-unimolecular reactions) are kinetically 
bimolecular at low pressures, but become unimolecular at high pressures. 
More complex behaviour is observed with gaseous acetaldehyde.f This 
compound, while decomposing bimolecularly at high pressures, undergoes 
additional quasi-unimolecular decompositions at low pressures. The occur- 
ffenoe of independent quasi-unimolecular reactions in the acetaldehyde de- 
composition can be attributed to the existence of different types of activated 
istate in the molecule. The mode of decomposition would be, on this assumption, 
a function of the manner in which the energy imparted to the molecule is 
distributed among the various molecular motions, and also the transformation 
probability characteristic of the different distributions. 

A detailed examination of the decomposition of propionic aldehyde in the 
light of the above ideas became of great interest. The questions arising were 
the ftdlowing : To what extent could the theoretical concltisions which had 
been arrived at from the study of acetaldehyde be confirmed with propionalde- 
iiyde ? What influence would the introduction of an extra CHj group into the 
molecule exert on the distribution of activation energy ? Would the various 

♦ Hinshelwood and Thompson, * Proo. Roy. Soo.,’ A, vol. 118, p. 221 <1926). 
t Fletcher and Hinshelwood, iWrf., vol. 141, p. 41 (1988). 
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modes of decomposition, assuming tkese to exist as with acetaldehyde, be* 
reflected in any way in the products resulting from the decomposition ?* 

Experimental Procedure 

The propionic aldehyde used was obtained commercially, and subjected to 
careful fractionation in an all-glass apparatus. The fraction boiling between 
48*5*^ C and 49 *5® C was used throughout the investigation. Owing to possible 
polymerization, a given sample of aldehyde was never employed later than 
3 weeks after fractionation. Different samples gave identical results. 

The apparatus used for the investigation was similar in essential detaiia 
to that previously employed, the rate of decomposition being measured by 
change of pressure at constant volume. The aldehyde was decomposed in a 
silica bulb, of approximately 200 cc capacity, heated in an electric furnace. 
The “ dead space did not exceed 2% of the volume of the bulb. With the 
aid of an iron filament lamp in series with the furnace, which served to buffer 
voltage fluctuations, the current through the furnace could be maintained 
quite constant, with but little manipulation of a rheostat in scries with it. 
In this way, the maximum error in the temperature was maintained within. 
1*^. Temperatures were measured with a platinum-platinum-rhodium thermo- 
couple, which was checked against the melting point of pure antimony. 

For the pressure range 15-400 mm, a mercury manometer of the usual type 
was employed. Two McLeod gaugesf were employed for measuring pressures 
less than 16 mm, a few determinations also being made above 16 mm with these 
gauges to serve as a check. The first gauge McLeod I was used over the* 
range 20 mm-1 mm and the second (“ McLeod II ”) over the range 1 mm- 
0*6 mm. 

The “ sharing ratios ’’ of both gauges were detennined for air at three 
different temperatures, room temperature, 400® C, and 650® C. A strictly 
linear relationship held for McLeod I, which was quite independent of the 
pressure shared. The sharing ratio for propionic aldehyde was found to be 
the same as that for air, at room temperature and 400® C, and it was assumed 
that the sharing ratio for the aldehyde was likewise identical with that for air 
over the working temperature range of 510®-690® C. 

With McLeod 11, however, the sharing ratio for air was found to diminish 

Thfl experimental results are given in this paper. The theoretical diaonsaion is givetk 
in another paper, p. S27. 

t For details of measuring reaction velocities in this way see Fletcher and Hinshelwood 
* Proo. Roy. Soo./ A, vol. 141, p. 41 (1938). 
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-with decreasing pressure ; a curve of the sharing ratio-pressure relationship 
for air was accordingly constructed at 649° C, the normal working temperature. 
It was found, moreover, that the sharing ratio for air differed sUghtly from that 
of the aldehyde at room temperature and at 400° C, at pressures less than 
:approxiinately 0*8 mm. The necessary correction was therefore applied, 
for any given pressure shared, to the sharing ratio for air at 649° C, thus 
obtaining the sharing ratio for propionic aldehyde at the same pressure, at 
this temperature. 

Care was taken in all McLeod measurements to allow sufficient time for 
pressure equilibrium between the gauge and the reaction bulb, A correction 
was applied to the reaction time, to compensate for the small amount of change 
which occurred in the sharing interval. For pressures less than 0*3 nam, the 
sharing ratio became somewhat uncertain, possibly on account of effects, or 
to a Knudsen effect, or both. 

The sharing ratio for the products of the reaction was also determined at 
649° C. It was found to be the same as that for air at the corresponding 
pressure, and where the reaction approached completion, the sharing ratio 
for air was used. 

Each gauge was provided with an electrically heated mantle, to prevent 
•condensation of the aldehyde when it was compressed (Each gauge was 
•calibrated with the mantle heated.) The least sensitive gauge was calibrated 
against the mercury manometer, at higher pressures (30-40 mm) after which 
the calibration was extended to lower pressures, and also to the more sensitive 
gauge. As a check on the accuracy of the calibration, duplicate determinations 
made on McLeod I and on the manometer were found to agree closely ; deter- 
minations in which the initial pressure in the reaction bulb was measured on 
McLeod I, and the pressure after reaction measured on McLeod II, were also 
found to agree well with determinations made on the gauges individually. 

Before starting a series of determinations, the whole apparatus was washed 
out with propionaldehyde vapour several times to prevent any possible con- 
tamination with adsorbed air. 

Experimental Results 
Variation of End-point with Pressure 

The end-point of the reaction is not independent of the initial pressure. 
Uinshelwood and Thompson* found indications of a variation of end-point 

♦ » Proc. Roy. Soo,.’ A, voi, 113, p, 221 (1926). 
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with initial pressure, but did not investigate it in detail The course of the 
reaction was therefore determined at 649® C for a series of initial pressure® 
from 240 mm-0*6 mm. Pressure-time curves were plotted. It was found 
that after the greater part of the pressure increase had taken place there waa 
a slow subsequent increase. This very slow reaction was attributed to the 
decomposition of one or more products of the primary decomposition. This 
seems quite justifiable, since ethane certainly is formed in relatively large 
quantities and undoubtedly suffers decomposition at the temperatures used 
in the investigation (see Table VII). For this reason, the “ true ** end-points, 
corresponding to the decomposition of propionic aldehyde itself, were estimated 
graphically from the pressure-time curves, the portion corresponding to the^ 
primary aldehyde decomposition being extrapolated till it became parallel 
with the time-axis. 

Table I T*=549®C 


Pg (mm) 

{P«-P,)Po 


238 

100 

2*20 

170 

1*03 

210 

125 

106 

211 

73 

108 

100 

35 

114 

217 

20 

M 6 

208 

7*8 

1*22 

2>n 

40 

1-24 

2 06 

2-8 

1-27 

1-94 

1-70 

1-30 

2*00 

0'50 

185 

2*00 


A careful study of the “true end-points” in this way showed that they* 
increased gradually as the initial pressure fell, in the manner shown in Table L . 
P^ is the final pressure, estimated as explained, and is the initial pressure. 
From a knowledge of the end-point-pressure relationship, it was possible to- 
apply the suitable correction in determining the time to half decomposition at. 
a given pressure. No significant variation of the end-point with temperature* 
was observed over a range of 60®. 

Order of the Reaction 

As may be seen from Table I, the ratio tiji^ does not deviate appreciably 
from the value 2 over the entire range of initial pressures used, in agreement 
with earlier work. 

Influence of an Increase <f Suffaoe on the Tdodty qfthe Reaction 

Hinshelwood and Thompson (loe. cit.) found the decomposition of propiomo* 
aldehyde to be ahnost entirely homogeneous, by the addition of aiUca powder- 
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to the reaction vessel. A more detailed examination was made in the present 
investigation, the surface-volume ratio being increased by a factor of approxi- 
mately 5, and the time to half decomposition, determined over a range of 
pressure from approximately 20-200 mm. Table 11 shows that no significant 
increase or diminution in is observed. A few experiments made with a bulb 

Table 11 

4 (packed) 4 (unpacked) 

{mm) bulb bulb 

1. Surface : volume ratio increased 6 times — T = 649° C 


206 

174 

170 

195 

160 

175 

103 

216 

215 

40 

260 

260 

20 

346 

341 

Surface ; 

: volume ratio increased 16 times — T 

==649° 

206 

165 

170 

46 

214 

240 

23 

250 

312 


in which the surface-volume ratio was approximately 16 times that in the 
impacked bulb showed a slight acceleration. The extent of the surface reaction 
in the unpacked bulb, however, would be insuj£cient even at low pressures to 
aflect seriously the observations recorded in the following sections. 

Influence of the Initial Pressure on the Time of Half Change 

The time of half change was determined at 649° C, over a range of pressures 
from 0*5 mm to approximately 400 mm, using the unpacked reaction bulb. 

The results are shown in figs. 1, 2, and S, P, being the initial pressure in mm, 
and the time for the reaction to proceed half-way to the “ true ” end-point. 

An esamination of fig. 1, in which the entire pressure range is included, 
now reveals that there is a similarity between the behaviour of propionio 
aldehyde and acetaldehyde, the contrasted behaviour found in earlier investi- 
gations being a matter of degree only. With both substances there is a quite 
definite segmentation of the curve. With propionic aldehyde, the curve is 
practically parallel to the axis of initial pressure for pressures greater tiian 
approximately 300 mm ; that is, the reaction is “ unimoleonlar ” in this region. 
As the regions of smaller initial pressure are approached, however, the curve 
shows marked changes in direction. One of these occurs at an initial pressure of 
approximately 300 mm, while similar changes in direction are evident in the 
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neighbourhood of 40 mm and 5 mm initial pressure. Fig. 2 shows the bMet 
more clearly. 

The necessity for assuming the existence of marked changes of direction in 
the curves is further illustrated in fig. 3, a cursory examination of which would 
lead to the conclusion that the curve tended to become parallel to the pressure 
axis at pressures not greatly exceeding 10 mm. Comparison of this curve 
with that in fig. 2 shows, however, that in fact the value of Ijt^ increases 
practically linearly up to a pressure of 40 mm, wlxere its value is practically 
double that at 10 mm. This leaves little doubt that each ** segment ** of the 



curve in fig. 1 corresponds to an individual “ quasi-unimolecular ” mode of 
reaction. The correspondence between these different modes of reaction and 
the possible different states of activation, is considered in greater detail else- 
where. 

It is not certain that the curve would ultimately pass through the origin, 
but from fig. 3 it seems very probable. Unfortunately, owing to surface 
effects, Knudsen effect, etc,, it was not possible to extend the investigation 
to pressures below 0 • 6 mm with a degree of certainty sujBS.cient to draw definite 
conclusions. 

Temperature Go^ffidetU of the Reaction 

The values of for six different pressures were determined overa iempeirattue 
range of approximately 90° C. Due corrections Were applied for the variation 
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of end-point with pressure. At least two determinations were made for a 
given pressure at each temperature, and an average taken for the value of 
If the initial pressures in the duplicate experiments were not exactly the same, 
a small correction was applied. 




At each pressure there is a satisfactory linear relation between 1/T and 
login The data are given in Table III. 

The variation of E with pressure is evident from Table IV, or from fig. 4. 
The values shown are unoorreoted for variation of the collision rate with 
temperature. The value found by Hinshelwood and Thompson, namely, 
65,000 oal, was not measured at one definite pressure, but represents a value 
for a mean pressure of 800~350 mm. It is evident that the mean enei^ of 

2 c 
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Table III 


Temmraiure 

30 mm 

40 rom 


X )0*) 

200 mm 

^ C 

70 mm 

100 mm 

499 




0*620 

0*750 

609 

0-610 

0*660 

0*770 

0*820 

0*960 

619 


0*876 


1*012 

1*156 

529 

1-030 

1*119 

M85 

1*233 

1*361 

539 


1*319 


1*450 

1*544 

549 

1-439 

1>642 

1*676 

1*667 

1*769 

559 


1*772 


1*845 

1*921 

669 

1-860 

1*958 

2-000 

2*022 

2-137 

679 


2*155 


2*236 

2*328 

589 

2-240 

2*377 

2-360 

2*420 

2*609 

699 


2-432 





Table IV 


Pp (mm) 

E (cal/gm 

30 

63,500 

40 

63,900 

70 

61,400 

100 

61,200 

200 

59,600 

350 

66,000 



350 mm 

M52 

1-513 

1- 845 

2- 237 
2*538 


Fio, 4 — ^Variation of activation energy with preseure 


activation rises as tbe iiutial pressure falls. The significance of this fact is 
discussed elsewhere. 


Influence of Hy^ogen on the VdooUy of the Readion 
The velocity constant of a unimolecular reaction falls off at some pressure 
sufl&ciently low. It has been observed that the addition of sufficient hydtogwtt 
will maintain the velocity constant at its “ normal,” high pressure value, but 
it has never been found possible to increase the velocity constant above its 
normal value in this way.* 

• Hmshelwood, ‘ Proo. Koy. Soo.,’ A, vol. Hi, p. 84 (1827) ; Hmshelwood and Ai^y, 
HM., vol. US, p. 216 (1927). 
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In view of the more or less qualitative nature of tlie results previously 
obtained,* it was thought of interest to re-investigate the behaviour of pro- 
pionic aldehyde in the presence of hydrogen. Pure hydrogen was introduced 
directly into the reaction bulb through a heated palladium tube, the rest of 
the experimental arrangements being as before. 

The introduction of hydrogen diminished the end-point of the reaction 
somewhat. The values of are calculated on the basis of the observed end- 
points. A small correction was applied for the increased pressure of aldehyde 
in the “ dead space,” inasmuch as this would be responsible for a fraction, at 
least, of the end-point diminution. 


Table V T = 549" C 


Po 

Pir. 

4 

4 

End'iwint 

(mm) 

(mm) 

(secs) 

(no Hj) 

(P, - Pe)/Po 

57-5 

410 

228 

240 

0-9<> 

46-6 

82*5 

195 

250 

100 

40-6 

161 0 

198 

256 

0-92 

46’6 

241 0 

183 

252 

0-92 


Limiting value of q for “ high pressures of aldehyde 140 seconds. 

The results are given in Table V. For a given aldehyde pressure, increasing 
pressures of hydrogen successively lower the half time, but never reduce it 
below the normal ” or high pressure value. It was difficult to work with 
larger ratios of hydrogen to aldehyde, but it is unlikely that an even greater 
excess of hydrogen would increase the reaction velocity above its normal value. 

It was deemed of interest to ascertain, if possible, the cause of the diminution 
in end-point caused by the addition of hydrogen. Since unsaturated hydro- 
carbons arc known to be formed, the decrease in the end-point might be due to 
their hydrogenation. Two samples, collected near the end of the reaction, 
were therefore analysed. The initial pressure of aldehyde was 40 mm, with 
80 mm of hydrogen added in one instance, and none in the other. Analysis 
showed 11 '1% unsaturated hydrocarbons in the sample to which no hydrogen 
has been added, and in the other 9*0%. This would point to appreciable 
hydrogenation of unsaturated hydrocarbons, which may explain the observed 
diminution in the end-point. 

Influence of Pressure and Exteni of Decomposition on the Produde 
formed during Reaction 

Analyses of the products of reaction under different conditions were mode 
in a Bone and Wheeler apparatus. The usual procedure was followed. Hydro- 
*** Hinshelwood and Askey, ‘ Proc. Roy. Soo./ A, vol. 116, p. 163 (1927). 
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gen was determined by oxidation with copper oxide, at 276"^ C for 12 minutes, 
while saturated hydrocarbons were determined by combustion. Unsaturated 
hydrocarbons were assumed to consist of ethylene only, and saturated hydro- 
carbons to be entirely methane and ethane. 

Analyses were first made to determine the effect of initial pressure (P^) 
on the nature of the reaction products. The reaction was always allowed to 
proceed to approximately 90% completion, at a temperature of 649^ C. The 
results arc shown in Table VI. In addition to the products indicated, from 
1“2% of “ carbon dioxide were always obtained. This includes the small 
amoimt of aldehyde vapour remaining undecomposed and uucondensed. 




Table VI 

T 

=-649°C 



Po 

Unsat. 

H. 


CO 

OH* 

% 

(mm) 

0/ 

/o 

% 


o/ 

/o 

% 

4 

180 

18-0 


40*5 

7-0 

10*2 

12 

13 0 

120 


44*4 

10*8 

13*5 

40 

IM 

90 


47*2 

10-8 

18*1 

120 

8-8 

7-6 


48*1 

6*5 

24*6 

200 

8-5 

(5-2 


48'9 

8*6 

24*3 



Table VH 

T 

= 549^^0 



Decum . 

Unsat. 

H. 


CO 

CH* 

0,H* 

/o 

/o 

o/ 

/o 


/o 

0/ 

/o 

% 

20 

6'2 , 

3 0 


48'8 

6*4 

27*9 

40 

7*6 

2-6 


49*4 

7*6 

26*0 

m 

81 

3*4 


48*6 

5*7 

27*3 

90 

8*5 

5*2 


48*9 

8*6 

24*3 

2 hr 

8-6 

6*2 


48*3 

9*3 

22*9 

15 hr 

7*4 

6*3 


49-6 

150 

17*1 


Table VII shows the results of analyses made at different stages of the 
reaction, the initial pressure of aldehyde in each test being 200 mm. Un- 
decomposed aldehyde was removed before analysis by passing the gas through 
a tube immersed in a mixture of solid carbon dioxide and acetone. 

The figures given in the tables are those actually measured ; the residues 
include the 1 or 2% carbon dioxide previously mentioned, and a small constant 
proportion of air introduced, in sampling, from a capillary tube which it was 
not expedient to evacuate completely. This affects all the values in the same 
proportion, and is therefore unimportant. 

As the initial pressure of the aldehyde decreases, the amount of ethylene in 
the reaction products increases regularly, and hydrogen appears to increase 
in equivalent proportion to it. In the early stages of the reaction at 200 mm, 
however, there is a deficit of hydrogen. From the parallel variations of 
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ethylene and hydrogen, it is reasonable to suppose that they arc produced 
simultaneously, and to attribute the small loss of hydrogen under certain 
conditions to secondary changes or adsorption. 

When CO is removed from the molecule C2H5CHO, the residue is equivalent 
to C2He. This residue may appear, from the primary reaction, as ethane, 
as C2H4 + Hj, or as 1*5 CH4 + 0*5 C. If it appeared wholly in any one of 
these ways, the ethane, ethylene, or methane would be not less than the CO 
removed. In general, then, the sum of C2H6, C2H4, and CH4 should be at least 
equal to the amount of CO. Actually, the carbon monoxide is in excess of the 
sum of these three. Hence, some of the fragments left when CO is removed 
must have formed more complex compounds not appearing in the gas analysis. 

The formation of methane must b(5 regarded as a primary process, and not 
due simply to subsequent decomposition of the ethane. This can be seen from 
Table Vll, wliich shows that very little decomposition of the ethane occurs, 
even in two hours the reaction is 90% completed.. 

The formation of ethylene and hydrogen appears to be characteristic of the 
lowest of the segments into which the curve in fig. 2 can be analysed. This 
can be seen from an approximate quantitative treatment. For example, at 
5 mm the value of is 2 (approx.). By extrapolating the second segment 
of the curve (6 to 40 mm) to the axis of ] jt^ the intercept is found to be 1 *5 
(approx.). Hence rouglily 0*75 of the reaction at p = 5 mm corresponds to 
the lowest segment, and 0*25 to succeeding segments of the curve. Assuming 
the higher segment to be characterized by the formation of ethane and methane 
(reaction 1), and the lowest segment by a reaction giving a parts of C2H4 to 
(1 — a) parts of + CH4 (reaction II), then at 5 mm pressure, from the 
analyses, 

total CaH4/(C2He + CH4) - 17/17 - 1 •() -- 0 •76a/{0*76 (1 a) + 0-25}, 

whence a == 0*67. Then at, say, 200 mm where is 6*0, the proportion of 
reaction II is 1* 5/6*0 = 0*25 and of reaction I, 0*75. Hence 

CaH4/(C2He + CH4) - 0*26«/{0*25 (1 -- a) + 0*76} = 0*18. 

From the analytical results, C2H4/(CaH0 + CH4) =0*24. 

Similarly at 20 mm pressure the theoretical ratio is 0*47 and that found 
0*46, 

The increase in end-points observed experimentally would seem to be 
accounted for by the formation of greater quantities of ethylene and hydrogen 



aa the preasvre i& dimimahed. This can a/«o be shown by approximate oaJcu- 
lationa. 

The observed end-point at 240 mm is a 100% increase. At this pressure the 
analyses show that about 0-2 of the total reaction goes to form ethylene and 
hydrogen, and 0-8 goes to form methane and ethane. The former reaction 
would give 150% increase and the latter 100%. Thxis the composite reaction 
would give 0*2 X 150-f 0‘8 X 100 = 110% increase. Thus the observed 
end-point is 91% of the theoretical. The deficit may be attributed to losses 
by condensation reactions. Assuming that the end-point is always reduced in 
a constant proportion by these losses, then at 20 mm, for example, where the 
proportion of the two reactions is approximately 1:1, the end-point should 
be J(150 + 100) X 0*91 = 114%. Actually it is found to be about 117%. 
Similarly at 5 mm the calculated end-point is 126% and the observed 124%. 
Thus the actual increase at lower pressures is accounted for. 

Molecular Statistics of the Reaction 

The earlier investigation led to the result that to account for the rate of 
activation a considerable number of square terms must contribute to the 
activation energy.* The value of E used was 56,000 calories, The present 
value for higher pressures is 56,000 and for lower pressures greater still. Thus 
the original result holds good, with the additional conclusion that at low 
pressures the number of square terms involved rises above the 12 previously 
postulated. 

SUMMABY 

The thermal decomposition of propionic aldehyde has been re-investigated 
over a pressure range from 400 to 0-5 mm. The readiiion appears to be 
kinetically complex, as with acetaldehyde, and to be best interpreted as the 
resultant* of several quasi-unimolecular reactions. These are homogeneous. 

The chemical nature of the reaction products varies with the pressure to 
some extent, which accounts for changes in the “ end-point,” The influence 
of hydrogen has been furtte studied, previous results being confirmed and 
extended. 

The energy of activation shows a well-defined variation with pressure, 

, ♦ Hinshelwood, ‘ Proc, Roy. Soc.,’ A, vol. 113, p. 230 (1926), 
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The Thermal Decomposition of Formaldehyde 
By C. J. M. Flbtchbb 

(Communicated by C. N. Hinshelwood, F.B.S. — Received April 18, 1934) 

The thermal decomposition of formaldehyde has been, studied for com- 
parison with the decomposition of other simple aldehydes. In the decom- 
position of acetaldehyde the kinetics of the reaction have led to the hypothesis 
of the existence of a limited number of different activated states of the molecule.* 
It was of interest to determine whether the kinetics for the simpler molecule 
of formaldehyde correspond to a smaller number of modes of activation. 


Expbkimental Results 

The experimental method was that described previously.* Formaldehyde 
vapour was introduced into the reaction vessel by heating paraformaldehyde. 
To prevent condensation in parts of the apparatus outside the furnace, all 
these were kept above 1(X)° C with heated nichrome wire, a special high tempera- 
ture grease being used for the taps. As the reaction was unaffected by the 
presence of water vapour (Tables I and II) elaborate drying of the formaldehyde 
was not undertaken. Care was taken to avoid traces of air which interfere 
with the reaction. The vapour first given off from a fresh sample of para- 
formaldehyde was fomid to decompose rather more rapidly than paraformalde- 
hyde which had been in use for some time. 

The temperature was measured by a platinum platinum-rhodium thermo- 
couple calibrated in terms of the rate of decomposition of acetaldehyde and 
propionic aldehyde. The temperature was controlled within 1° by a Cooke and 
Swallow regulator working in conjunction with an iron wire resistance lamp. 

In addition to the predominant decomposition 

HCHO=H,-t-CO. 

formaldehyde undergoes at 569° C various condensation reactions. Thus the 
final increase in pressure is less than 100%. The pressure increase appears 
to take place in two distinct stages : the first stage is rapid and is succeeded 
by a slow pressure increase lasting for a number of hours. The percentage 

• Fletcher and Hinshelwood, ' Proo. Boy. Soo.,’ A, vol. 141, p. 41 (1933). 
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increase for the first stage diminishes from 83% at 43 • 6 mm to 69% at 388 mm 
(Table I). It is also lowered by a 16-fold increase in the surface-volume ratio 
by approximately 15% at any one pressure. The percentage increase in the 
second stage of the reaction becomes larger as the first stage becomes smaller. 

Analysis of the volatile products after the reaction has gone to its final end- 
point shows the gas to consist almost entirely of carbon monoxide and liydrogen. 
The ratio CO/H 2 in two analyses was 1*09 and 1-06. In an analysis of the 
gas present towards the end of the first stage (when this represented only 41% 
increase), the ratio CO/Hg was 1-37. The first pressure increase must include 
the straightforward decomposition of formaldehyde. At the same time con- 
densation reactions catalysed by the surface seem to be taking place, giving 
some non-volatile products but mainly a substance which subsequently slowly 
decomposes. During the condensation some carbon monoxide is formed, so 
that at first the ratio CO/H 2 is greater than unity. The subsequent slow 
decomposition must therefore produce more hydrogen than carbon monoxide 
for the final CO/H 2 ratio to be nearly unity. It is not inconceivable that in 
the early stages of the reaction two molecules of formaldehyde give carbon 
monoxide and methyl alcohol by a kind of Cannizzaro reaction, and that the 
methyl alcohol slowly decomposes according to the equation 

CH80H=-C0 + 2H2. 

Additional evidence for this is provided by a study of the rate of decomposition 
of methyl alcohol in the presence of the end products from formaldehyde. The 
rates of reaction and the pressure increase correspond to that of the “ second 
stage.” It will be shown that the rate of decomposition of formaldehyde is 
proportional to the square of the initial pressure. Since the amount of methyl 
alcohol formed increases with the initial pressure, its production would seem 
to vary with some power of the initial pressure greater than the second. 

As the puipose of the investigation was to study tlie kinetics of the simple 
decomposition of formaldehyde, a number of determinations of the pressure 
increase for the first stage were made from the pressure-time curves for initial 
pressures from 30 to 400 mm, Table I, and a curve constructed showing the 
variation of this “ end-point ” with pressure. For subsequent calculations, 
the end-point at any pressure was read off from this curve. The considerations 
that follow apply to this “ first stage ” of the reaction. 

Table II gives some typical results at different initial pressures (po) 569° C, 
The times for a third, and a half, change are taken respectively as 
the time for a pressme increase of a third and a half of that corresponding to 
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the end-point for the first stage. The initial rate {dpjdt)^^ expressed in mm per 
second, is obtained by drawing a tangent at the origin. 

The reciprocal of the half-time plotted against the initial pressure gives an 
inclined straight line passing very nearly through the origin, fig. 1, and thus 
corresponding to a “ bimolecular reaction. This is shown by the approxi- 
mately constant values, Table II, of the expression 


h • Vo * 



Fig. 1 


Table I — Unpacked bulb. % Pressure increase 


Initial preauure 
(mm) 

Ist stage 

2n<l stage 

Total 

28-6 

91 

— 

— 

43-5 

83 

— 

. — 

52 

82 

12 

94 

80 

79*5 

13*5 

93 

132 

74 

Hi 

90 

*188 

68 

21 

89 

203 

66 

22 

88 

205 

63-5 

23*5 

87 

388 

59 

26 

85 

too 

67 

— 

— 

tI46 

63 

Packed Bulb 



80 

67*5 

— 

— 

146 

58 

— 

— 

217 

46 

26 

72 

333 

42 

29 

71 

380 41 — 

* In presenod of 6 mm of water vapour, 
t In presence of 150 mm of tlie products of the reaction. 
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Table II further ahows that for different initial pressures, the value of 

derived from the expression ) is almost constant. Thus a bimolecular 

constant can be derived in two independent ways. This makes it unlikely 
that the result is fortuitous, and due merely to some comjwnsating variations 
in the complex pressure changes caused by the simultaneous condensation 
reactions. In view, however, of the empirical way in which the half-times are 
obtained, it is not surprising that the mean values of it ^ in the two different 
cases (4*05 X lO"*® and 2*55 X 10"'^) are somewhat different. 

The products of the reaction seem to facilitate both decomposition and 
condensation. Thus in the presence of 150 mm of the reaction products both 
the half-times and the end-points for the first stage agree approximately with 
those normally obtained for an initial formaldehyde pressure 160 mm greater, 
Tables I and II. 



Table II — 

Unpacked Bulb. 

Temperature 569'^ 

c 


Po 

o 

h 

4 

4 ^ 

hi 

<dp\ 

mm 

mm per sec 

secs 





28-5 

O' 028 

706 

1*72 

4*98 


8*6 

66 

012 

383 

1*84 

4*66 


3*7 

80 

017 

304 

1*82 

4*12 


2*8 

101 

0-28 

244 

1*89 

406 


2*8 

120 

0-42 

211 

1*95 

3*96 


2*9 

146 

0-46 

177 

1*82 

3*87 


2*1 

166 

0*82 

168 

1*84 

3-83 


2*3 

♦188 

0-72 

137 

1*90 

3*99 


2*1 

203 

0-78 

132 

1*89 

3*74 


1*9 

226 

0-90 

114 

1*87 

3-90 


1*8 

266 

1*67 

98 

1*96 

3*86 


2*4 

371 

2-88 

69 

2*00 

3*92 


2*06 

too 

0*27 

143 

1-74 

7*77 


8*3 

tl46 

0*63 

120 

2*00 

6-75 


3*0 


* In proaence of 6 mm of water vapour, 
t In presence of 160 mm of the products of the reaction. 


As the products of the reaction thus appear to activate formaldehyde, the 
course of the reaction at any given pressure would be nearly unimolecular if 
no interfering reactions were taking place. Actually the ratios t^/t^ given in 
Table II, and which has a mean value of 1-79, correspond to an order of 
reaction intermediate between the first and the second. 

In a packed reaction bulb, the values of both the initial rate and the reciprocal 
of the half-time are, at any given pressure, smaller (by a factor of three or four) 
than the corresponding values in the unpacked bulb. The decomposition of 
formaldehyde into carbon monoxide and hydrogen is therefore not catalysed 
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by the Burfaoe. In view of the considerably lower end-points in the packed 
bulb, it is not certain to what extent, if at all, the decomposition is really 
slower. 

The rate of reaction was measured over a temperature range of nearly a 
100^ at initial-pressures of approxinmtely 200 mm. The end-points for the 
first stage were evaluated at the highest and lowest temperature used, and 
found to be within 2% of the end-point pressure curve for 569^ C. The 
values were also comparable over the whole temperature range. 

The results are given in Table III. The values for are derived from the 
half-times, and arc corrected for the variation in the initial concentration, 
login plotted against the reciprocal of the absolute temperature gives a good 
straight line. The energy of activation, uncorrected for variation of the collision 
rate with temperature, is 45,300 cals. The corrected value, which is JRT lower, 
is 44,500 cals. 

Table 111 


Tcm|)oraturo C 
607 
599 
569 
650 
531 
613-6 
610-6 


1^10 X W) 
2-114 
2-021 
1-685 
1-304 
1*044 
0-770 
0*716 


Discussion 

As the kinetics of the reaction show that the decomposition is bimolecular, 
it might be expected that the number of molecules reacting would be given by 
the simple expression Z . where Z is the number of collisions. 

The number of molecules reacting may bo derived from the value of jkj^. 
This constant has been deduced in two ways. Taking the mean of the two 
values, i.c., 3*3 X 10*^, the number of molecules reacting per second in 1 oc at 
760 mm and at 669"^ C is 2-20 x 10^’, At b&9° C the value is 

2*67 X The number of collisions from the expression V2TO®wn* is 

7 • 12 X 10”, taking the diameter of the formaldehyde molecule to be 6 X 10“ 
cm, and 4 • 66 X 10” taking it to be 4 x 10~* cm. The value for Ze“ in the 
two oases is therefore 1 '83 X 10^’ and 1 -17 X 10”. The number of molecules 
reacting is ther^ore within a factor of two of the number activated, if the 
energy of activation is contained in only two square terms. 

Owing to the number of complicating features, a complete analysis of this 
reaction is impossible. The methods of approximation which have been used 
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are admittedly crude, but different methods of approach lead to the salient 
fact that the main decomposition into carbon monoxide and hydrogen is a 
reaction with a rato proportional to the square of the pressure. 


Summary 

The thermal decomposition of fonnaldehyde into carbon monoxide and 
hydrogen has been shown to be a homogeneous bimolecular reaction over the 
pressure range 30-400 mm. Simultaneous condensation reactions occur. 
The decomposition has been studied from 610®“607® C, and the energy of 
activation found to be 44,500 calories. The rate of reaction is approximately 
equal to the rate of production of activated molecules calculated from the 
simple expression Z . where Z is the collision number. 


The Magneto-Caloric Effect and other Magnetic Phenomena in Iron 
By H, H. Potter, Ph.D,, Wills Physical Laboratory, University of Bristol 
(Communicated by A. M. Tyndall, F.K.S. — Received March 21, 1934) 

According to the Weiss theory a ferromagnetic body is composed of a number 
of domains ” each magnetized even in the absence of an external field to 
an intensity dependent on the temperature. At absolute zero this spontaneous 
magnetization (oq) is equal to the saturation intensity ((t«> ) whilst at any other 
temperature (T) the value of aJ<j^ is dependent only on the ratio T/6 where 6 
is the Curie temperature. This is known as the law of corresponding states. 
At low temperatures the apparent increase in magnetization, accompanying 
the application of the external field H, is due merely to alignment of the 
directions of spontaneous magnetization of the various domains. As the 
temperature rises, however, Oq becomes much less than and the effect of 
an external field is twofold — (1) an apparent increase of magnetization due to 
alignment, and (2) a true increase in the degree of magnetization of each 
domain. Magnetization of a specimen is accompanied by a decrease of 
magnetic energy and if the experiment is carried out adiabatically a rise in 
temperature results. This phenomenon is known as the magneto-caloric 
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effect Weiss and Forcer*^ have shown that this temperature increase is given 
by the equation 

<•> 

where ch is the specific heat at constant external field H, p the density, J the 
mechanical equivalent of heat, and <j the intensity per unit volume. This 
equation was arrived at thermodynamically without reference to the hypothesis 
of the intramolecular field. The intramolecular field theory has been attacked 
by Hondaf who develops an equation identical with (1) but in which he states 
that H is the total field (external + intramolecular). If this were so, equation 
(1) would be in complete quantitative disagreement with the experiments of 
Weiss and Forrer on nickel. Honda’s argument depends on the use of the 
equation dW — /?dv + vHda, where vUder is the work done on the body by the 
field. Honda assumes that H is the total field, but since work can hardly be 
done on a body by its own internal field, it appears to the writer that the H 
in Honda’s formula is the external field, giving then an equation identical 
with that of Weiss and Forrer. Equation (1) is further justified by being in 
excellent agreement with the experimental results of Weiss and Forrer, and 
with those of the writer given below. 

Weiss and Forrer have further shown that the rise of temperature is related 
to the change in the magnetization by the (aquation 

= ( 2 ) 

J po<f 

where H' is the internal field, c, the specific heat at constant magnetization, 
and da the change in volume-intensity accompanying the application of an 
external field H. This involves no assumption as to the nature of H', but 
follows from the statement that the change of energy of the substance per 
unit volume can be expressed as 

efU=Jpc,dT-H'd(T, 

where this equation may be considered as the definition of H'. In addition 
the work (dW) done on the body by the external field is = Hd<x. Since in an 
adiabatic process the heat dQ communicated to the specimen is zero we have 
dQ = dU — dW — 0 thus leading immediately to equation (2). 

* ‘ Ann. Physique,’ vol. 6, p. 158 (1926). 
t ‘ Soi. Bep. Tohoku Univ.,’ vol. 21, p. 341 (1982). 
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is then put equal to Ncr, N being called the intramolecular held factor. 
We have therefore 

dH = (2 a ) 

Jpc, 


One of the features of the Weiss theory is the assumption that N is independent 
of both T and a. It will be shown below that this assumption is disproved 
by experiment. The Heisenberg theory does lead to a field factor which 
depends on both T and a, but it will be shown that even this theory is 
inadequate. 

Equation (2a) can be integrated if N is independent of a. Below the Curie 
point — and, in fa(‘t, for some distance above it — H is negligibly small in 
comparison with H' (=* No), and we have 


where Cq is the value of the spontaneous magnetization. At higher tempera- 
tures a = xH and Cq = 0. The susceptibility x *^lso becomes independent of 
H, so we have 


AT 


\ X 2Jpc<, 2JpCy 


( 4 ) 


N^ will be a function of the temperature since 1/x increases with temperature, 
but in the range of temperatures used in the experiments described below 
1/X never reached 10% of N. 



Equation (3) can be obtained by the following simple argument. Let 
curves (1) and (2) of fig. 1 represent respectively the variation with temperature 
of the spontaneous magnetization and the total magnetization in an external 
field H. 6 represents the Curie temperature. Assume that initially the 
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apecimen is in a state represented by the point A, and that a field H is switched 
on raising the temperature and the magnetization to a point represented by 
B. The energy is a single valued function of the positions A and B, so that 
the change of energy in going from A to B will be independent of the path 
chosen. Suppose that the operation is performed in two stages, AC represent- 
ing an increase of temperature, but not of magnetization, and CB representing 
a change of magnetization but not of temperature. If AT represents the 
temperature rise from A to C, and a and cr^ the two values of the magnetization 
at B and A respectively, the energy changes in the two cases will be p Jc^ AT 
and — — Oo)*. If the work done by the external field is small, and the 
total change is adiabatic, we have 


N 

2Jpc^ 


(ct® - o,*). 


If the rise of temperature is plotted against the square of the magnetization 
the result should therefore be a straight line as shown in fig. 2 with an intercept 
on the axis equal to In practice the relation shows initial curvature as 



indicated by the dotted line. This is due to the fact that in all cases it is not 
or (the actual degree of magnetization of the domains) which is measured, 
but the average value of the component of this magnetization for the various 
domains, in the field direction. If therefore the tumiug process of these 
domains into the field direction is not complete before true increase of magnetiza- 
tion begins, a rise of temperature is registered before the apparent magnetiza- 
tion has leached the value of the spontaneous magnetization Oq. 

The magneto-caloric effect gives the only satisfactory method of determining 
Og and so of testing the law of corresponding states. The effect has been investi- 
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gated in great detail by Woias and Forrer (Joe. ciL) for nickel, and the theoretical 
conclusions have, except for a few details, been strikingly verified. Similar 
experiments have not been made with iron, except for some rough measure- 
ment by the writer* for the purpose of comparison of the magneto-caloric 
and magneto-resistance effects. 

The object of the present research is to carry out more accurately 
magneto-caloric experiments on iron. 


Expennmdal Methods 

Certain serious experimental difficulties are immediately encountered. 
The Weiss-Forrer method of measurement applied to iron would be unsatis- 
factory. Their method of measuring cr and AT consists of removing suddenly 
from the field of an electromagnet an electric furnace containing the nickel 
specimen. The change of flux in a coil situated in the field, and the change of 
temperature of specimen, were measured. This necessitated boring the pole 
pieces to take the furnace. Although this may be practicable for nickel, it 
would be impracticable with iron, where the higher Curio temperature makes 
the use of a bigger furnace essential. Any ballistic method of measuring a 
involving switching on or switching off the electromagnet would be useless 
owing to the great difficulty of obtaining accurate compensation for the field 
lines. The various torsion methods, which have been used in ferromagnetic 
measuroTnents, seem equally inapplicable at liigh temperatures. A new 
method of measurement has therefore been evolved, based on a method for the 
measurement of diamagnetic susceptibilities due to Kapitza and Webster,! 
and a method for the measurement of paramagnetic susceptibilities duo to 
8uck8nuth.+ The principle of the new method is shown in fig. 3. 

A is sphere of iron between the poles (N.S.) of an electromagnet. A coil 
B, of about 150 turns of 36 S.W.G. copper, wound in three layers on an ivory 
former with its axis parallel to the lines of force of the magnet, was placed 
above A, and suspended by a quartz tube T from a phosphor-bronze ring 
carrying two tiny mirrors and mg. An image of a straight filament lamp 
F was formed by means of a lens L in a telemicroscope M, the beam of light 
being reflected from both mirrors and The force of attraction (or 
repulsion) between A and B is directly proportional to the magnetic moment 

♦ ‘ Phil. Mag.,’ vol 13, p, 233 (1932). 
t * Free. Key. Boo.; A, vol. 132, p. 442 (1931). 
t ‘ Phil. Mag.; vol. 8, p. 168 (1929). 



Magnetic Phenomena in Iron 


367 


of A, and was measured in terms of a deflection in M, produced by reversing 
a known current in B. This current was kept constant by measuring it on a 
high quality milMammeter the pointer being observed under a microscope. The 
maximum deflection in M at room temperature was about 1 cm, and could be 
measured to 1/100 mm. 

The force of attraction is also dependent on the distance between A and B, 
but the great advantage of the method lies in the high magnifying power of 
the system, tlie actual movements of B being negligibly small. As only 
comparative values of the magnetization were needed, the distance had merely 



to be kept fixed during a single group of experiments. Since the measurements 
are made not on A, but on B, A can be enclosed in a furnace, /, and raised to 
any desired temperature without disturbing the measuring system. 

Lateral movement of the coil B relative to the case C was prevented by two 
flat phosphor bronze spirals S^, fixed to the quartz tube and on to the case. 
These spirals were cut from sheet metal 5/1000 of an inch thick, and the two 
coils were moimted so that their turns ran in opposite directions. These 
completely prevented lateral movement while exerting very little controlling 
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force in a vertical direction, Tiie latter amounted to about 5% of the con- 
trolling force due to the ring. 

In a perfectly uniform field the vertical force on B would be determined 
entirely by the magnetic inomont of A, but in practice there is a small force 
due to non-homogeneity of the field of the electromagnet. This was reduced 
as far as possible by using large diameter pole faces turned to be accurately 
parallel to one another. It was also necessary to have the axis of B accurately 
parallel to the field, otherwise the torque produced was found to be converted 
by the elastic ring into a considerable vertical movement. This parallelism 
was obtained by having the case mounted in a cone bearing, D, free to rotate 
about a vertical axis. The whole apparatus was turned in tins bearing until 
the puU of the field on the current in B was reduced to a minimum. Lateral 
and vertical movement was also provided on the case. 

It was not found possible to eliminate completely the direct effect of the 
field, but it was reduced to less than 1% of the pull due to A at room tempera- 
ture. The pull due to the field varies in a very complicated way with the 
field, and when reduced to a minimum by proper adjustment of B it invariably 
changed sign as the value of the field was increased. This is undoubtedly 
due to a changing inhomogerieity of the field, resulting from the varying 
importance of the linos of force due to the iron and those due directly to the 
magnetizing current. The pull of the fiimace surrounding A, which is included 
in the field correction also introduces complications. The pull of the field 
could, however, be measured to 1 part in 20, so that errors from this cause 
amounted to less than 1/20% at room temperature. 

The Furance 

In the actual experiments A was 1 cm diameter and was enclosed in a highly 
exhausted quartz furnace 12 mm internal diameter and ^ mm wall. The 
heating current was supplied to a nichrome wire wound direct on to the quartz, 
and heat insulation was provided by an asbestos magnesia compound. To 
obviate convection currents which would disturb the measuring apparatus, 
the furnace was enclosed in a water Jacket consisting of two brass tubes 27 and 
30 mm respectively in external diameter, with J mm wall and 1 mm gap between 
them. The water was made to circulate spirally in the gap. It will be seen 
that the thickness of heat insulation was only about 7 mm, which was very 
inadequate for high temperature work where very steady temperatures were 
required. The amount was, however, limited by the pole gap, which was 
itself determined by the maximum field required. 
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The method of maintaining the steady temperature by stabilization of the 
current supply is described elsewhere. ♦ The magnesia-asbestos compound 
was found to be an excellent heat insulator, but on account of its low density 
it gave the furnace a low heat capacity. From this point of view ordinary 
sheet asbestos is much better, but it is unfortunately markedly ferromagnetic. 
Its efEect on the coil B could have been considered as part of the general effect 
of the field, but unfortunately it changed very considerably and somewhat 
irregularly with the furnace temperature. The magnesia-asbestos compound 
was therefore preferred. Even this is slightly magnetic and contributed slightly 
to the pull on B, but the variation of its magnetization with temperature was 
found to be definite, and much smaller than for sheet asbestos. 



Mounting of the Specitnen 

It was very necessary that the position of the specimen should remain 
absolutely fixed during an experiment, since the pull on the coil B depends on 
a high power of the distance separating it from the specimen. The specimen, 
an iron sphere, was mounted by a tiny set-screw, Sj, fig, 4B, on a tapered 
tungsten pin, p, figs. 4A and 4B, which was sealed into a small quartz tube, t 
This quartz tube was mounted rigidly in the male part of the ground joint 
oonneoted to the funiaoe tube. The small tube was sightly curved so that on 
being slipped into position two small projections on the tube (one only is 
shown at (a) ) pressed firmly against the furnace wall. The specimen was 
thus held in position by the elastic strain in the quartz tube, L 

* ‘ J. Soi, Instr.,’ vol. 11. p. 96 (1934). 
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The Thermo- Jumtion 

The temperatiire of the specimen was given by a thermo- junction of 40% 
palladium in gold as one element, and 10% rhodium in platinum as the other 
element. Both wires were 30 S.W.G. The e,mi, of this thermo-j unction is 
about five times that of platinum-platinum-rhodium, is more nearly a linear 
function of temperature, and consisting entirely of noble metals it is perfectly 
constant and easily stands the temperatures demanded in this experiment. 
The Pd- An wire can be obtained from Messrs, Johnson Matthey, and, since it 
is cheaper than platinum, it seems strange that this excellent thermo-j unction 
is not more widely known and used. Its e.m.f. is about equal to that of a Cu- 
constantin junction, but is of course much more reliable at liigh temperatures. 
The Pd-Au wire has excellent mechanical properties, and welds perfectly on 
to the Pt-Rh element. The thermo- junction was near the centre of the sphere 
and was held by a tiny set-screw, Sg, fig. 4B. In order that the temperature 
registered should be definitely that of the centre of the sphere, the leads out 
from the iron were insulated by very thin quartz sheaths as shown in fig. 4B. 

One of the thermo-j unction leads passed out along the small quartz tube 
which supported the specimen, whilst the other passed through the side tube 6. 
They were then joined to copper the junctions being immersed in a 

water bath. The thermoelectric e.m.f. was measured on a potentiometer 
combined with a low resistance, low period, sensitive galvanometer specially 
made by Messrs, Tinsley. 

The thermocouple, which was calibrated against a standard Pt, Pt-Rh 
couple, served to measure the absolute temperature of the iron, as well as the 
rise of temperature on adiabatic magnetization. 

The magnetization process involved sudden changes of the field, and since 
the thermocouple leads enclosed a certain number of lines of force, each 
change of the field produced a ballistic throw of the galvanometer. This was 
compensated in the following way : a small coil C, fig, 4C, was placed in the 
magnetic field and joined in series with the thermocouple, T. R^ and 
indicate resistance boxes and r was a small fixed resistance. Compensation 
was obtained by altering the resistance Rj. Since the resistance of r was 
small, the changes in R^ did not affect the thermoelectric current. The 
resistance Rj was adjusted until the galvanometer was just aperiodic. The 
reason for this adjustment was as follows. At the high temperatures at which 
most of the experiments wore made, radiation was so great that the excess 
temperature of the specimen due to adiabatic magnetization decreased 
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noticeably within a few seconds, even although this effect was minimized by 
making sure that the temperature measured was that of the centre of the sphere 
and not of its surface (see above). The method of measuring the rise was as 
follows. Tlie field was switched on, and the galvanometer deflection noted. 
This rapidly reached a maximum^ and the field was immediately switched off. 
The temperature then fell quickly to a value slightly less than the initial value, 
due to a loss of heat while the specimen was at a temperature above its surround- 
ings. The true temperature change was taken to be the mean of the rise and 
the fall. The readings should naturally be taken as quickly as possible and 
consequently the galvanometer was made aperiodic. It was made only just 
aperiodic, however, since the time required to take up its deflected position 
is less than for the over-damped case. Owing to the impossibility of com- 
pensating the ballistic throws completely, and the time taken to establish 
the magnet field, there was notliing to be gained by making the galvanometer 
period very short. The actual value was 4 seconds. 


The Electromagnets 

Two different electromagnets were used in the experiment. Both were 
made in the departmental workshop. The first magnet was of the Weiss 
pattern with two coils each of a thousand turns 12 S.W.G. wire in series, taking 
a maximum of 20 amps, and giving a maximum field of 9G00 gauss in a 3 cm 
gap over a 10 cm diameter. The second magnet was of the rectangular yoke 
pattern, having four coils of 2000 turns in parallel. The resistance was about 
1 J ohms and the maximum current was 60 amp. A field of 12,800 gauss could 
be obtained in a gap of 3 cm with a pole diameter of 15 cm. To avoid the 
building up of large inductive potentials on switching off a resistance of 9 ohms 
was kept permanently in parallel with the magnet. The control of a current 
of 60 amp presents some difficulties. For currents above about 30 amps, 
wire rheostats are unsuitable, and the current was controlled by water-cooled 
stud rheostats. Two such rheostats were used in series. The first consisted 
of four 60 cm lengths of 21 S.W.G. eureka wire, and four similar lengths of 
19 S.W.G. eureka. Each wire was stretched by a short molybdeniim spring 
along the axis of a 1 cm diameter glass tube. Heavy copper leads carried the 
current to and from the eureka resistances, which were water cooled. Heavy 
copper leads went from the ends of each eureka wire to the studs, so that any 
number of the wires could be brought into circuit. The 21 S.W.G. wires were 
^ ohm each, and the 19 S.W.G. wires were J ohm each. The thinner wires were 
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cut out of circuit first, and carried up to 40 amp without giving trouble. The 
thicker wires were capable of carrying the full 60 amps. Finer adjustment of 
the current was obtained from the second stud rheostat. This consisted of a 
number of lengths of water-cooled german silver tube joined in series, with 
contacts from the ends of each tube to the studs. Eight lengths of tube were 
used , each being 60 cm long. The first six were 0 • 375 cm diameter, with a wall 
thickness of J mm, and 1/12 ohm resistance. The last two tubes were double 
this diameter, hut otherwise similar, and therefore were about 1/24 ohm eaeh. 
This rheostat was used to cover the gaps of the larger resistance. At high 
values of the current, when very little resistance was in circuit, the 1/12 ohm 
steps gave considerable jumps in the current values. At large values of the 
current, however, the electromagnet field does not vary quickly with current, 
and the steps obtained were quite small enough. 


The Image Effect 


The attraction or repulsion of the specimen for the coil B is complicated by 
images of the magnetized sphere in the pole pieces. These images are similar 
to electrostatic images, and in comparative measurements could be ignored, if 
they remained a constant percentage of the total effect. If the permeability 
of the pole faces is infinite, and the pole faces are considered as infinite in 
extent, the images will be perfect refi:ection8 of the specimen in the poles. As 
the electromagnet field increases, however, the permeability falls, and the image 


is less perfect. 


The usual formula 


|x-f2 


M((x permeability, M magnetic 


moment of the specimen) cannot be expected to give the moment of the image, 
sinc^e the problem is complicated by the presence of the powerful electromagnet 
field. Weiss and Forrer* have given an experimental method of measuring 
the image effect. They give the correction for changing inmge effect to four 
significant figures. The writer has been quite unable to repeat this result 
with anything approaching this accuracy. 

The image effect as measured by this method was certainly a function of the 
previous history of the magnet, and several other complicated effects seemed to 
enter into the results. The only point of agreement with Weiss and Forrer 
was that the change in the image effect was negligible for fields up to 6000 
gauss. The actual change in the image effect was, however, very small, even 
at the highest fields, and was of importance only in the region below the Curie 


♦ ‘ Ami. Phynique,’ vol. 12, p. 304 (1929). 
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point, where the magneto-caloric effect depends on a quite small rise in the 
magnetization at high fields. 

The effect was eventually measured by another method. A magnetization 
curve for a single crystal at room temperature was taken, the intensity being 
plotted as a function of the field. Various observers have found that single 
crystals saturate completely in fields of a few hundred gauss at most. The 
magnetization curve obtained in the present experiment showed a rise of about 
between 70(K) and 12,800 gauss. This was attributed to a decrease in the 
image effect. (It can easily be shown that the force exerted on the coil by 
the images is in the opposite direction to the force exerted by the specimen 
itself. Consequently a decreasti in the image effect gives an apparent rise in 
the total effect.) A correction of the magnitude indicated was applitd to all 
results given below. 


Results 


The present investigation has been carried out with five different kinds of 
iron — Armco, Hilger Spectroscopic, Heraeua electrolytic, large grain impure 
iron, and a single crystal prepared by the method of Edwards and Pfeil, and 
kindly presented to me by Dr. Gough, of the Metallurgical Department of the 
N.P.L. 

AT as a Function of H — These five specimens gave almost identical results, 
so that only those of the single crystal will be given in any detail. 

Results showing AT as a function of H are shown in Table I and fig. 5, 

The equation (1) gives a linear relation between dT and dH provided j 

is independent of H. This condition is fulfilled for temperatures below and 

not too near the Curie point. As the Curie temperature is approached 

\vl H 

decreases with increasing H, and so the curves shoidd be concave to the axis 
of H. 


In Table I and fig. 6 the values of H have been corrected for the end de- 
magnetizing field of the specimen, which for a sphere is imjjZ. The absolute 
value of a was obtained by assuming that the saturation value at room tempera- 
ture was 1706 c.g.8. units per oc. The temperature indicated on each curve 
is for zero external field. The straight lines obtained at 623-6'’, 716®, 730®, 
and 734°, and the curves at 744-6° and 766° which show slight concavity to 
the H axis, are in good agreement with theory. The curves at 620-6® and 
663° show convexity towards the H axis, but a corresponding batch of curves 
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for the Heraeus iron showed a very slight concavity in the same region. This 
curvature is undoubtedly experimental error, due probably to the demagnetuing 
factor not being exactly 

The curves may therefore be considered as in good qualitative agreement 
with equation (1). To test the equation quantitatively, we can calculate the 
value of Cg, by using the slopes of these (AT, H) curves at the origin, and the 



0 2 4 6 8 10 

H (kilogauss) 

Fig. 6 


dcf 

values of ( — ] from fig. 9. The values of cn calculated in this way show 

\ai/H 

a sharp rise as the Curie temperature is approached — corresponding to the 
well-known specific heat auomally. The absolute values of Ch determined 
in this way, were, however, some 15 to 25% higher than those given by Klink- 
hardt* from direct determination. One can hardly expect much better agree- 
ment than this with such an indirect method of determination, involving the 


♦ ‘ Ann. Physik,’ vol. 84, p. 191 (1927). 
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Table I — ^(continued) 
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measurement of the slopes of two separate curves — a type of measurement 
which is always open to considerable error. 

AT as a Function of cfl — The variation of AT as a function of a* is shown in 
Table I and figs. 6A and 6B. These curves were obtained in the following 
way : the furnace temperature was kept as steady as possible so that the con- 
dition of the specimen corresponded, say, to the point A, fig. 1. A known 
field was switched on, bringing the specimen to a different temperature and 
magnetization indicated by the point B. The magnetization required in 
plotting figs. 6A and 6B is that corresponding to B, but owing to the rapid 
decrease in the excess temperature of the specimen, this could not be measured 
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at the same time as the rise of temperature AT. Time was allowed for the 
specimen to come into equilibrium with its surroundings (with field on) and 
the magnetization and temperature were noted. In this way the magnetiza- 
tion at any field was obtained at a large number of different temperatures, and 
that corresponding to any particular required temperature was interpolated. 

Curves such as those demanded by equation (2) and fig. 2 are obtained, but 
a serious discrepancy arises when the actual values of N are calculated from 
the slopes of these curves, according to equation (4). In the Weiss theory N 
is assumed to be independent of both a and T. The former assumption is 
verified since the linear relation between AT and cr® is obtained experimentally. 
If N is independent of T the ( AT, <y^) curves should, in the region below the Curie 
temperature, be a series of parallel straight lines, having the slope N/2Jpr,. 
(J, p, and Ctr can be considered as constants). At temperatures above the Curie 

point, where the slope is given by ~ — (N + l/x), the ( AT, cr®) curves should 

2Jp0ff 

still be nearly parallel, since in the range of temperatures used 1 /x was always 
small compared with N. This parallelism was obtained at temperatures 
below the Curie temperature, but at higher temperatures the slopes of the 
hues increased with increasing temperature, indicating a marked increase 
in the value of N. The variation of N with temperature — as calculated from 
the curves of figs. 6A and 6B — is given for the single crystal in fig. 7 A. Corre- 
sponding results are given for the Heraeus iron in fig. 7B. Unfortunately 
the gradual fall in both a and AT as T increases made it impossible to extend 
the results to higher temperatures by the present method. 

Weiss and Forrer have made no mention of this variation of N with tempera- 
ture. The value, as calculated from their results on nickel, is plotted in 
fig* 7C. It shows the same rapid increase above the Curie point as observed 
by the writer for iron, but there is also indication that N becomes constant 
again at higher temperatures. Here again, more values would be useful, 
but as in the case of iron, the experiments are beginning to fail at these tempera- 
tures. 

The magneto-caloric rise of temperature is plotted in fig. 8 as a function of 
the temperature for three different values of the field. The field values given 
represent the internal field, I'.e., external field corrected for demagnetizing 
coefficients. 

Law of Corretponding States 

The curves of figs. 6A and 6B combined with direct measurements of satura- 
tion intensities at lower temperatures enable us to determine the relation 
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between and T/0. It is already known from the results of Weiss and 

Forrer, and Hegg, that the theoretical curve based on the modified Weiss theory 
agrees only approximately with experiment. The collected results are shown 
in fig, 9, the theoretical curve being that given by the Weiss theory^ with the 
quantum theory modification assuming that the quantum number j == 



Fjq. 7 — A, ainglo crystal iron O magnet 2 ; -f* magnet 1. B, Heraeus electrolytic iron, 
magnet 2. C, nickel Weiss and Forrer. 

It will be seen that for three specimens* of iron used by the writer the curves 
obtained were identical, showing that the deviation from theory is not a result 
of impurity or crystalline state. These deviations were slightly greater than 
those detected by Hegg.f No measurements have been made below room 

* Two other spooimens (large grain impure iron, and Hilger spectroscopic iron) gave 
identical curves, but the points have been omitted for the sake of clearness. 

t Hegg’s curve lies between that of Weiss and Forrer and the writer^s curve for iron, 
but has been omitted for the sake of clarity of the figure. 
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temperature, the value of ao/a« for that temperature being put = 0‘98, in 
agreement with the results of Weiss and Forrer. 




T/0 

Fio. 9 theoretical j @ nickel Weiss and Forrer ; O Heraeus electrolytic iron ; 

© single crystal iron ; + Armoo iron. 

Several attempts have been made to explain the deviation from the theoretical 
curve. Neel* has introduced the conception of a fluctuating intramolecular 
field, but it would appear that the deviation of iron flrom the theoretical curve 

• ‘ Ann. Physique,’ vol. 18, p. 1 (1932). 
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25 much more then predicted hy him. eel’s theory seenis to limit the deviation 
to an amount corresponding to the separation between the ferromagnetic 
and paramagnetic Ourie point (see p. 48 of his paper). Stoner* has suggested 
that the orbital moments may become effective at high temperatures thus 
increasing the effective value of 

The fact that the value of Oo/o* falls below the theoretical value at low 
temperatures has been emphasized by Weiss and Forrer and by Constant and 
Allen.f The latter have also pointed out that the deviation is different for 
different crystal types. Bloch’sJ extension of the Heisenberg theory leads to 
T/0) curves which depend on the crystal type, the curve being different 
even for different kinds of cubic symmetry. Whether the same hypotheses 
are capable of explaining the difference between the iron and nickel (jurves at 
high temperatures is not clear, since the theory is valid only at low temperatures. 
It is also somewhat discounted by the fact that Weiss and Forrer get identical 
curves for iron (body-centred) and nickel (face-centred) at low temperatures. 

In addition the (oq/cToo, T/0) curve was found not to cut the temperature 
axis at a definite angle but to approach it gradually. This is shown on a 
larger scale in fig. 9 {a). This ‘‘ foot ” to the curve was present in all specimens 
tested, but was not always identical. It must be remembered, however, that 
the magneto-caloric effect gives Oo*, and since is already quite small, ctq^ is 
difficult to measure accurately in this region, although it was very definitely 
not equal to zero. It can always be assumed that this foot is due to impurity, 
or to the different states of the crystalline grains causing different regions to 
have different Curie temperatures. The latter suggestion is rather discounted 
since the “ foot ” exists even in a single crystal. The Heraeus iron containing 
only about 1/10% of impurity also gave a pronounced foot. An attempt was 
made to obtain some of the extremely pure iron prepared by the N.P.L., and 
sold by Messrs, Hilger, but tliis cannot as yet bo obtained in pieces large enough 
for the present experiment. There is, however, no experimental evidence, 
in the writer’s opinion, for the assumption of the existence of a definite tempera- 
ture at which Oq can be said to disappear, Weiss and Forrer in their work on 
nickel assume a definite temperature 357 *6, at which the spontaneous magnetism 
vanishes, but an examination of their curves at temperatures 368-1®, 360®, 
361-8®, 366-3®, and 369-07® (fig. 10 of their paper) shows that spontaneous 
magnetization still exists— or, in other words, the (cto/o^, T/6) curve does not 

* * Phil. Mag.,’ vol. 12, p. 760 (1931). 

t * Phys. Rev.,’ vol. 44, p, 232 (1932). 

X See Sommerfeld and Betho, ** Haadbuch der Fhysik,,” vol. 24, p. 612 (1933). 
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approach the axis sharply. In their curve (&g. 16) showing as a function 
of T they have omitted all points for temperatures above 355'^ C. 

In the present work the Curie temperature has been determined by extra- 
polating the steepest part of the (cr^, T) curve on to the temperature axis. 
The values of 0 for single crystal and electrolytic iron, determined in this way, 
were 762® C and 769® C respectively. 


The Paranutgnelic State 

Above the Curie temperature the ferromagnetic passes over into a quasi- 
paramagnetic condition. We shall now consider the properties in this region* 
The Weiss-Langevin theory gives 

— ==:= coth a — i , 

Uoo a 

where 

kT 

(X being the magnetic moment of the carrier of the magnetism and k Boltzmann’s 
constant for the carrier. 

The quantum theory modification — assuming only two pos»ible orientations 
for the elementary magnet — gives in place of (5) 


( 6 ) 

( 6 ) 


— = tanh a. 
o* 

Equation (7) also results from the Heisenberg theory. 
This leads by well-known methods* to 

«jRp ’ 


( 7 ) 


( 8 ) 


where q is the number of elementary magnets per atom, M is the molecular 
weight, and B is the gas constant per gm mol. On the Weiss-Langevin theory 
n 3 and on the quantum modification n — 1. 

Above the Curie temperature we have on both theories 


i-|(T-e). (9) 

1 ot 

This is obtained by putting coth a - or tanh a ^ «, so should be 

<X o 

strictly true for small values of H and a. 


* Stoner, ‘ Phil. Mag.,’ vol. 12, p. 741 (1»81). 
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By determining the slopes of the (a, H)rocon«t curves near the origin, 1/x 
can be obtained and equation (9) can be tested. If (1 /x)h^() is then plotted 
against T a straight line cutting the temperature axis at T “ 6 should be 
obtained. It is a well-known fact that for nickel this is not so ; the curve is 
asymptotic to a line which cuts the temperature axis at 0^, which is called 
the paramagnetic Curie point.* Experiments on iron above its Curie point 
have been carried out by Weiss and Eoex,t and by Terry.J Weiss and Foex 
claim that when l/y is plotted against T, two straight lines are obtained, the 
slope of the line at high temperatures being greater than that at lower tempera- 
tures. The two lines meet at 834° C. An examination of the results shows, 
however, that there is little justification for this interpretation. The number 
of points is very small, and they fit quite well on a smooth curve which becomes 
SLsympfotic to a straight line as the temperature increases. 

The results of Terry give a smooth curve, but the results are not entirely 
satisfactory as a test of (9), since the values of 1/x are given for fields of 9000 
gauss. In such large fields x is large^ — for temperatures near the Curie 

point — to justify the assumptions involved in developing equation (9). His 
results indicate, however, that even at the highest temperatures the (1/x, T) 
curve is not a straight line. 

Honda and Takagi§ have also made some measurements on the susceptibility 
above the Curie point, but their results show no sign of the two straight lines. 

The writer has examined a portion of the (1/x, T) curve for values of T up 
to 75° above the Curie point. For temperatures near to 0 the value of 1/x 
was determined from the slope of the (cr, H) curve at the origin. At higher 
temperatures tr is a linear function of H and this extrapolation to zero H is 
not necessary. The measurements cannot be extended by the present method 
above the temperatures given, as it cannot be expected that a method designed 
for measurements in the ferromagnetic state would be useful over any great 
range of paramagnetic state. It has nevertheless been possible to trace the 
course of the (1/x, T) curve over the region in which the magneto-caloric 
experiments indicated a variation of N with temperature. Both for the single 
crystal, fig. 10, and for the Heraeus iron the curves are smooth, and apparently 
become asymptotic to a straight line which cuts the temperature axis some 

* See Forrer, * J. Phya. Rad./ vol. 7, pp. 10, 312 (1931) ; Neel, Strasbourg Thesis 1932, 
and * Ann. Physique/ vol. 18, p. 40 (1932) ; Bates, * Proo. Phya. Soo./ vol. 43, p. 87 (1931). 

t * Arch. Soi. Nat.,’ vol. 31, p. 96 (1911). 

X * Phya. Bev.,’ vol. 9. p. 401 (1917). 

§ * Sci- Rep. Tohoku Univ./ vol. 1, p. 237 (1911), 
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14® above the Curie point for the single crystal, and some 20® above for the 
Heraeufl iron. The slope of the straight lines gives N =» 4400 for the single 
crystal, and 4600 for the Heraeus iron. These values were calculated using 
equation (9) with 6 equal to the value corresponding to the paramagnetic 
Curie point. The numerical data for fig. 10 were not taken from Table I, but 
from a special set of readings carried out in such a way as to get the greatest 
possible accuracy in the determination of a at high temperatures. The great 
majority of the data of Table I do, however, lead to points very near to the 
curve of fig. 10. The initial curvature of the (1/x, T) curve Could be explained 
in terms of a variable N, but direct comparison with the magneto*caloric 



results is difficult, as the result of the calculation for N depends on such a 
marked degree on the value of 0. Between the ferro- and paramagnetic Curie 
temperatures it is impossible to decide which value of 6 to use. It is 
possible that the indefiniteness of the ferromagnetic Curie point is also a 
contributory factor to the curvature. 

Since the (1/x, T) curve does eventually reach an asymptote which enables 
us to calculate N, it appears that the curves 6A and 6B must become horizontal 
in the same way as 6C. It is most unfortunate that the experiments cannot 
be extended another 30® C. 


Discussion 

Magneto-Caloric Effect — The magneto-caloric effect, coupled with the 
assumption that is independent of T, gives directly the intramolecular field 

2 B 


von. CXLVI.— A. 
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H' == No, defined by the equation dU = 3pe^ — K'da. Mie worit of Weiss 
and Forrer for nickel and of the present writer for iron ahowa that — 

( 1 ) N is independent of cr ; 

( 2 ) N is a function of the temperature,* increasing from an approximately 
constant value below the Curio point to a considerably greater value in the 
range of some above the Curie point. 

Combining equations ( 8 ) and (9) we have 

1 , MwiT 

X 

where L is the Loschniidt number, and p. the magnetic moment of the elementary 
magnet, w is a factor depending on the quantum number 7 ; n — 1 forj = | 
and n = 3 forj = 00 . Professor Mott has pointed out to me that this formula 
depends only upon the assumption that the elementary magnets obey Boltz- 
mann*s law, i.e,, that the number inclined at an angle ^ to the field is pro- 
portional to The approximate agreement below the Curie 

point of the (cTo/oqo, T/0) curve with that given by the simple Weiss theory with 
j c= I, indicates that this assumption cannot be very far from the truth. 

Now in the region just above the Curie point i/x is small compared with N, 
so that any marked variation in N must be accompanied by a similar variation 
in MnAT/pL^jj.^. Since k, M, p, and L are constants and T does not change 
more than 6 % in the region considered, the variation must take place in 
nlg\LK Let represent the values of these quantities at the Curie 

temperature, and the values in the paramagnetic state at the 

maximum temperature of the experiments. As long as spin moment only is 
effective, p,, will be equal to but if orbital moment also become effective 
at high temperatures the equality will no longer exist. 

Then in iron since, from the magneto-caloric effect, N increases some three- 
fold. 

_ g nQ 

Magneton Numbers and the Cu/rie Temperature — ^The Weiss magnetoD number 
(W,) in the paramagnetic state is defined by the equation 

1 123 • 5 W^ = VSEC;;; = VsR^ (T - 0„), (10) 

♦ Qorlach, * Fhys. Z,/ vol. 33, p. 957 (1932) has already hinted at the necessity of some 
such assumption in oonneotion with magneto-resistance experiments. 
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wltero Cm is the Ooxie ooQstant per gram moleoule, and the gram moleoulai 
gOBoeptibility. 

The magneton number (W^) in the ferro-magnetic state at the absolute 
zero is given by 

1123-6 = 

P 

It is usually assumed that the paramagnetic magneton number enables us to 
calculate the saturation intensity per unit volume (Op) in the paramagnetic 
state. This is the maximum moment which could be obtained if a sufficiently 
large field could be applied to the paramagnetic body. It is not necessarily 
equal to a*. 

The following are the magneton numbers for iron and nickel : — 

Iron Wp -=17 -= 11 

Nickel Wp= 8 ,*1 

Since Wp for both iron and nickel is greater than it has usually been 
assumed that Op > 0 ®, or that there is more than one kind of elementary 
magnet in both iron and nickel.* 

We shall now show that Op cannot be calculated from Wp unless both Wp 
and jp are known. 

The value of Xm (T Gp) — given from the straight portion of fig. 10 — ^is 

Ljp[ip®/Wpifc. (The straight line means that N has become constant.) 
Substituting in (10) 

1123-6 W,, = ^ VWInpQp • CD 

P 

Thus Op cannot be obtained from Wp unless is known. Previous workers 
have taken Wp — 3 and q^ = 1 — quite unjustifiable assumptions. 

Let ae be the saturation intensity at the Curie point. This again is not 
necessarily equal to Ooo. Let ag = Kga® and Op = K p(T«. Then using equation 
(11) and the magneton niunbers given above we have for iron 

or 

= 0-8. 

The Curie point is given by 

0__ N,Ly»uL,« NMK.W 

*** See Stoaer^ * Magnetism/ p* 72 ; * Phil. Mag./ vol. 12, p. 769’(1931). 


2 B 2 
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Putting 6 = 1030, N = 1600* and using the appropriate values of the othet 
constants for iron we have 


Since 


= 2 ' 65 * 


we have 


_ o « 

— t>*3 — - , 


in excellent agreement with the results of the magneto-caloric effect. 

The agreement for nickel is equally satisfactory. The change in N gives 






The paramagnetic magneton number and the value of tlie Curie point give 


in excellent agreement with the value given above from the work of Weiss 
and Forrer on the magneto-caloric effect. 

Thus if we are to fit our results into the framework of the Weiss theory we 
must assume that n/gp.® varies rapidly near the Curie point. It is unfortunate 
that in each case the three quantities enter into the equations together, so 
that the observed variation cannot be attributed to either quantity separately. 

On the Heisenberg theory, in its present state of development, the intra- 
molecular field factor depends upon both T and o. Its value is 



where J is the interaction integral, and z the number of neighbours. The second 
term cannot be responsible for a large change in N in a restricted temperature 
range. The third term is not in accord with experiment, which gives N 
independent of c. Alternatively, if the experiments are not considered final 
on this point, the term gives a variation of N in the wrong direction since N 
is measured at large values of a below the Curie point and at low values above 
the Curie point. 

My best thanks are due to Professor Mott for much helpful discussion on the 
theoretical aspects of these results, to Professor Tyndall for providing facilities 

^ The average value found experimentally in this paper. 
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for the work, and to the Colston Research Society of the University of Bristol 
for a grant towards the expenses of the investigation. 


Summary 

Various magnetic phenomena in iron, including the magneto-caloric effect, 
have been examined in the neighbourhood of the Curie point. 

A new method is employed in the measurement of the intensity of magnetiza- 
tion. It is capable of an accuracy of 1 part in 1000 and has various advantages 
over the older standard methods. 

The results demand that the intramolecxilar field factor N (which in the 
Weiss theory has been considered as independent of both cr and T) is independent 
of (T, but in the neighbourhood of the Curie point shows a rapid increase with 
increasing T. The increase begins near the Curie temperature and the value 
of N is approximately trebled in a range of 60® C. 

The Weiss magneton numbers of nickel and iron in the paramagnetic state 
are discussed. It is shown that to explain either the magneto-caloric effect 
or the magneton numbers in terms of the Weiss theory we must assume that 
n/q\i^ increases as the temperature is raised above the Curie temperature, {[i 
is the magnetic moment of the elementary magnet, q the number per atom, and 
n a factor depending on the quantum number^*.) Both in iron and in nickel 
the same variation is required to explain the magneto-caloric effect as to 
explain the magneton numbers. 

The curvature of the (I//, T) curve just above the Curie point is also attri- 
buted to the variation in N. 

Magnetization curves of iron are also given as a function of the reduced 
temperature, T/6. Five specimens of iron were found to give results which 
fitted on to one and the same curve, which, however, showed considerable 
departure for the theoretical Weiss curve for j = J. 
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The Homogeneous Unimolecular Decomposition of Gaseous Methyl 

Nitrite 

By E. W. R. Steacie and G. T. Shaw 
(Communicated by H. T, Bames, F.R.S. — Received March 22, 1934) 

Introduction 

It is of considerable interest to investigate the homogeneous unimolecular 
decomposition of a series of related chemical compounds. The only series so 
far investigated is that of the aliphatic ethers.* On account of their simplicity, 
low boiling points, and lack of stability, the alkyl nitrites appeared to be worth 
investigation. The present paper deals with the first member of the series, 
viz., methyl nitrite. As will be shown, the decomposition of this compound 
is, in fact, homogeneous and unimolecular. 

Experimental Procedure 

Reaction velocities were measured in the usual way by observing the rate of 
pressure change in a system at constant volume. The reaction vessels werepyrex 
bulbs having a capacity of about 126 cc. The apparatus was similar to those 
used in a number of previous investigations.f The required temperatures were 
obtained by the use of a well-stirred oil bath, heated electrically. Temperatures 
were measured with standard mercury thermometers. The temperature 
could be maintained constant to within 0-26° C. 

Methyl nitrite was prepared by the addition of a solution of nitrous acid to 
absolute methyl alcohol. The gas evolved was purified by passing it through 
a 50% sodium hydroxide solution, followed by a 40% ferrous sidphate solution 
to remove nitrogen oxides. It was then roughly dried by passage over calcium 
chloride. The gas was then condensed and fractionally distilled twice, the 
middle 3/5 being retained each time. Samples prepared at various times gave 
identical results. During the investigation the material was stored as a liquid 
in a bulb immersed in a solid carbon dioxide-acetone mixture. 

• Hinshelwood and co-workers, ‘Proo. Roy. Soc.,’ A, voJ. 114, p, 84 (1927) ; vol. 116, 
p. 216 (1927) ; * J. Chem, Soo.,’ p. 1804 (1929 ) ; Steacie, ‘ J. Phys. Chem.,* vol. 38, p. 1662 
(1932); ‘ J. Ohem. Phys.,’ vol. 1, pp. 313, 618 (1983); Kassel, ‘ J, Amer. Chem. Soo.,’ 
vol. 64, p. 3641 (1932). 

t Steacie, * Can. J. Res.,’ vol. 6, p. 266 (1932). 
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Experime^ital Results 

The Products of the Reaction — Since the form of the reaction rate curves 
and total pressure increase at completion did not vary with temperature or 
pressure, as will be seen later, it follows that there cannot be much variation 
in tlie products of reaction with varying conditions. 

Some typical analyses of the gaseous products at completion, under various 
conditions follow : — 

O/ 0/ 0/ 0/ 0/ 

/o /o /o /o /o 


NO 86 : 83 88 81 83 

CO 10 9 3 6 — 

Residue 4 8 9 14 — 


In the above analyses NO was determined by absorption with slightly 
acidified ferrous sulphate. Considering the difficulty in gas analysis in the 
presence of nitrogen oxides, the results show excellent agreement. 

The condensable products of the reaction were determined by separate 
experiments with a 260 cc reaction vessel, the products being washed out with 
water, or else frozen out in a small side tube after each run. Formaldehyde 
was always present in large amounts as shown by (1) its odour, (2) the melting 
point of paraformaldehyde, (3) the resorcinol test. Approximate quanitative 
determinations showed that formaldehyde constituted about 50% of the con* 
densable products. The remainder of the condensable products consisted 
almost entirely of a liquid with a very low freezing point, and an odour and 
vapour pressure corresponding to methyl alcohol. 

In order to determine the relative amounts of liquid and gaseous products, 
runs were made at 215"" C. At pressures corresponding to 25 and 50% increase 
over the initial pressure the reaction vessel was suddenly cooled to —80*^ C, 
and the residual pressure determined. At this temperature neither methyl 
alcohol nor paraformaldehyde would have an appreciable vapour pressure. 
The vapour pressure of methyl nitrite, as determined by blank trials, is about 
1*78 cm at —80°. Subtracting this wo can find the partial pressure of 
NO + CO at —80° C, and can then calculate what it was at 215° C. The 
results given in Table I were obtained. 

It appears, therefore, that the gaseous products formed are slightly less 
than the amount of CHgNOj disappearing. The amounts of gaseous products 
are probably somewhat too small on account of a certain amount of solubility 
of NO in the condensed material. 
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Table I 


Initial pressure, cm 

JP, cm 

OH^NOj reacted 

Prewuro at —80® C 

Pressure at —80® C corrected for v.p. of 

CHjNO, 

Pco+xo at 215'''’ C 


I 

II 

III 

IV 

42-19 

41-83 

36-79 

38*72 

10-63 

20-92 

18-40 

19-36 

12-78 

25-35 

22-30 

23-42 

6-42 

10-03 

9-06 

9*38 

4-64 

8*25 

7-27 

7-60 

11-72 

20-86 

18-40 

19-23 


The main reaction is therefore approximately 


CHaNOa - NO + iHCHO + ^CHaOH. 


On the basis of Rice’s* theory of free radicals the mechanism can be given 
as — 

(1) OHaNOa CHaO + NO, 

(2) CHgO-HCHO + H, 

(3) H + CH3O CH3OH. 


This would lead to a 100% pressure increase at completion ; the actual increase 
is 82*5%. Tlicre is therefore a certain amount of condensation of some sort 
accompanying the reaction. 

The PreMure Change Acc(m>panying the Reactio'n — The mechanism given in 
the lost section would lead to a pressure increase of 100% at completion. 
Actually the pressure increased regularly in any rxm up to about 82-5%, and 
then diminished very slowly owing to some secondary reaction or condensation. 
The maximum pr(?ssure increases obtained under various conditions are given 
in Table II. 


Table II — Maximum Pressure Increase 


Temperature, 

C 


Reaction 

vessel 


Initial 
presauro, cm 


Maximum pressure 


240-7 

Unpacked 

240-7 

f * 

240-7 

ft 

240-7 

9 f 

230-2 

Packed No. 2 

219-9 

No. 1 

219-9 

„ No. 2 


28-48 

82-6 

37-69 

82-4 

11-86 

80-6 

36-22 

81-6 

23-01 

79-4 

26-06 

80-2 

26-32 

81-8 


The cause of the final slow decrease in pressure is probably the gradual 
formation of paraformaldehyde, a small amount of which condensed out iu 


♦ Rice and oo-workera, * J. Amer. Chem. Soc,,’ voL 63, p. 1969 (1931) ; vol, 66, p. 3036 
(1933); vol. 66, p. 284(1934). 
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the connecting tubing. In any case the subsequent diminution in pressure 
occurred very slowly. We have assumed that 82*5% pressure increase 
corresponds to complete reaction. This is supported by two facts. In the 
first place good unimolecular constants are obtained in any run on this basis 
(see Table III), We can also test the assumption as follows. If T 25 and T 50 
represent the times for 25 and 50% pressure increase, then they should corre- 
spond to 30-3 and 60-6% reaction respectively. Theoretically, therefore, 
Tjo/Tgg should be equal to 2-58. Actually the mean ratio for all runs was 
2-53. It therefore appears to be justifiable to use the values of T 25 and T 50 
as a measure of the rate of reaction, and to assume that they correspond to 
30-3 and 60-6% reaction respectively. 

Complete data for some typical experiments are given in Table III. The 
values of K are computed on the assumption that the reaction is first order, 
and that 82-5% pressure increase corresponds to completion. It will be 
seen that satisfactory first order constants are obtained. 


Table III — Data for Typical Experiments 

Temperature 209*8' 0 Temperature 240*7^ C 

Initial proHsure 23*01 cm Initial prtwauro 18*11 cm 


Time, 


/o 

K 

Time, 

JP 

% 

K 

mins 

cm 

reaction 


rninB 

cm 

maction 

0 

0 

0 



0 

0 

0 



0*0 

0*27 

1*42 

0*0130 

0*6 

2 37 

16*9 

0*161 

1 

0*69 

3*11 

0*0133 

1 

4*46 

29*8 

0*166 

1*0 

0*79 

4*16 

0*0120 

1*6 

6*17 

41*2 

0 164 

2 

1*09 

6*73 

0*0129 

2 

7*69 

60*8 

0*164 

4 

2*19 

11*6 

0*0132 

2*6 

8*81 

68*9 

0*164 

7 

3*78 

19*9 

0*0138 

3 

9*83 

66*7 

0*169 





4 

11*61 

77*0 

0*159 

11 

6*49 

28*9 

0*0136 

6 

12*74 

86*3 

0*167 

14 

6*63 

34*8 

0*0133 

6 

13*63 

91*1 

0*176 

16 

7*46 

39*3 

0*0136 





20 

8*79 

40*3 

0*0135 





23 

9*73 

61*2 

0*0136 





27 

10-84 

67*0 

0*0136 





29 

11-30 

59*4 

00136 





31 

11*90 

62*6 

0*0138 





Tfus Effect of 

Pressure on 

the RcUe — ^The summarized data for 

all runs i 


given in Table IV. The constancy of T,b and Tj^ with varying pressure 
indicates that the reaction is first order. There appears to be some indication 
of a falling off in rate at lower pressures. The effect, however, is of the order 
of magnitude of the experimental error. The rate at low pressures is now 
being investigated, and the discussion of the falling off in rate will be deferred 
until more definite information is available. 
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Table IV 


K«iaotion 

Temperature, 

Initial 

T.. 


vedflel 


pressure, cm 

seo 

sec 

Empty 

»♦ 

189*9 

29*99 

3760 

— 

199*9 

15*13 

1740 


n * 

199*9 

23*77 

1726 

— 

f » — 

199*9 

23-80 

1717 

— . 

y* 

190 '9 

34*34 

1720 

— 

yy 

199*9 

40-77 

1689 


i» 

209*8 

0*80 

860 

2120 

li t n 

209*8 

20*94 

696 

1770 

» » 

209*8 

23*01 

673 

1770 

yy 

209-8 

30-21 

677 

1722 

»l 

209*8 

39*91 

690 

1724 

„ 

209-8 

47*79 

641 

— 

»* 

219*9 

*6*25 

602 

1136 

ff 

219*9 

8*05 

412 

1000 


219-9 

8*75 

371 

944 

» » 

219*9 

15*55 

357 

858 

yy 

219*9 

16-35 

371 

932 

»* 

219*9 

19*20 

396 

1084 

ff 

219*9 

21*73 

352 

882 

yy 

219*9 

21*79 

349 

835 

»t 

219*9 

22*20 

376 

750 



219-9 

22*50 

327 

736 

yy 

219-9 

27*10 

384 

1002 

>, 

219*9 

29*00 

301 

772 

yy 

219*9 

35*45 

343 

904 

yy 

219*9 

41*95 

313 

768 

► » 

219-9 

46*90 

410 

766 

,, 

219*9 

51*36 

339 

— 

>» 

230-2 

3*33 

162 

426 

,, 

230*2 

9*18 

167 

409 

»» 

230*2 

16*35 

187 

475 

M 

230*2 

16*05 

161 

380 

yy 

230*2 

22*26 

160 

377 

» » 

230*2 

23*76 

164 

386 

»* 

230*2 

24*10 

141 

873 

yy 

230*2 

30*34 

144 

375 

yy 

230*2 

30*87 

131 

362 



230*2 

31*25 

155 

380 

»» 

230*2 

38*56 

121 

348 

I* 

230*2 

39*56 

no 

2a3 

I f 

230*2 

41*95 

166 

407 



240*7 

6*06 

101 

229 

,, 

240*7 

11*86 

57*6 

160 

ff 

240*7 

18*11 

62*4 

258 

o 

240*7 

26*72 

62*4 

160 

» » 

240*7 

28*48 

64*1 

161 

*t 

240*7 

36*22 

66-9 

169 

Packed ... 

240*7 

37*69 

61*3 

156 

189*9 

33*08 

3390 

— 

ff 

199*0 

20*09 

1463 


»» 

199*9 

30*46 

1460 

— 

f» 

209*8 

13*07 

642 

1588 

y, ........ 

209*8 

15*38 

656 

1686 

f» 

209*8 

17*83 

665 

1696 


209*8 

24*90 

672 

1690 

yy 

209*8 

25*09 

m 

1766 

»» 

209*8 

36*30 

675 

1674 

»» 

209*8 

43*61 

665 

1688 

>> 

209*8 

48*86 

663 



If 

219*9 

10*75 

315 

783 

ff 

219*9 

13*25 

295 

777 

ff 

219*9 

18*15 

315 

838 
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Table IV — (continued) 


Reaction 

Temperature, 

Initial 

T« 


ve«»e1 


pressure, cm 

see 

sec 

Packed .... 

219‘9 

22*76 

301 

794 



219*0 

24 06 

312 

835 



219*9 

26*06 

307 

798 

» » 

219*9 

26*82 

304 

798 

ff 

219*9 

27*16 

291 

794 

» ) 

219*9 

27*30 

296 

762 



230*2 

17-37 

128 

339 

»» 

230*2 

24*66 

134 

346 

ft 

230*2 

30*36 

141 

354 

99 

240*7 

17*89 

69*0 

167 

»» 

•r 1 • 

240*7 19*31 

The Effect of Surface 

70*3 

171 


In making comparisons of the rates of reaction at various temperatures and 
in various vessels, the usual method is to compare the extrapolated values 
corresponding to infinite pressure. In this paper, since there is no very definite 
indication of a falling off in rate with diminishing pressure, the mean values of 
T12.5, T25, and Tjjo have been used for comparison, neglecting runs made at 
initial pressures below 10 cm. These values are given in Table V. 


Table V — Mean Rates of Reaction 


Reaction 

vessel 

Tem^nsrature, 

T..., 

see 

Tg*, 

sec 

T*o» 

sec 

Empty 

Packed 

189*9 

1736 

3760 


189*9 

1468 

3390 

— , 

Empty 

199*9 

804 

1718 

— 

199*9 

636 

1467 

— 

Empty 

209*8 

316 

675 

1746 

Packed 

209*8 

288 

664 

1687 


219*9 

166 

350 

868 

219*9 

135 

.304 

798 

Empty 

Packed 

230*2 

70*2 

147 

376 

230*2 

61*3 

134 

346 

Empty 

Packed 

240*7 


62*4 

169 

240*7 


69*7 

160 


The above table gives comparative rates for an empty reaction vessel, and 
different vessels packed with short lengths of Fyrex tubing so as to increase 
the surface-volume ratio about nine times. In general packing increased 
the rate from 10 to 15%. Hence the reaction in the empty bulb is complicated 
by a small amoimt of a heterogeneous reaction. The heterogeneous reaction, 
however, cannot amount to more than 1-2% of the whole process, and hence 
does not seriously affect the results. 
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The Temperalure Coefficient 

The values gi ven in Table V for the empty reaction vessel are shown in fig. 1 
in the form of a log T<„ 1 /T plot. Prom the slopes of these lines, and of 

similar ones for the packed vessel, we obtain the values given in Table VI 
for the heat of activation. 


Table VI 


From T,a.6 empty vessel .. 
,, T« 

*# T50 .» 

,, Tib** packed vessel. 

T,a 

»f T50 


30500 cal/gm mol 

30600 

36700 

36800 

36200 

36500 



no 200 ZIO 220 
4^10® 


Fco. 1 


The rate of the reaction may therefore be expressed by 


Tjs = 1 -96 X 10-w e8Moo/KT 


If we assume that Tjs represents 30 -3% reaction, then we have 


KTas ==0-36, 


where K is the velocity constant expressed in reciprocal seconds. Hence 


K = 1-84 X sec-i. 
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Tkcomposilion of Gaseous Methyl NitrUe 


Since the falling oH in rate at low preBSures has not yet been definitely 
established, there is no use making an elaborate calculation of the number of 
oscillators involved. We may, however, make an approximate calculation 
on the basis of the simple Hinshelwood theory. If we assume that at 209 • 8"^ C 
the rate begins to fall off at a pressure of 10 cm, we have 


Number of molecules reacting per cubic centimetre per second 


Number of collisions per cubic centimetre per second 



whence n = 12. 

This is a minimum value, since the falling off in rate .at low pressures has 
not been definitely established. 

Further work is in progress on the decomposition of methyl nitrite at low 
pressures. The decompositions of other nitrites are also being investigated* 


Summiry 

The thermal decomposition of gaseous methyl nitrite is a homogeneous 
first order reaction. It proceeds at a conveniently measurable rate between 
190 and 240° C, 

The overall reaction is mainly 

CHaNOa -^NO + 1/2HCHO + 1/2CH80H. 

The rate of reaction is given by 

K = 1 *84 X 10i» sec^^ 

There is no definite falling off in rate down to 5 cm pressure. On the basis 
of the Hinshelwood theory, therefore, at least 12 degrees of freedom are 
required to account for the observed rate. 
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Artificial Disintegration by Radium C' a-partides—-AlmMmvm and 

Magnesium 

By W. E. Dunoanson, M.Sc., Ph.D., Trinity College, Cambridge, and 
H. Milijbr, B.A., Hutchinson Keeeaxcb Student, St. Jobn*s College, 
Cambridge 

(Communicated by J. Chadwick, F.R.S.*— Keceived March 23, 1934) 

§ 1 Introdyjction 

A study of the protons emitted from certain elements when bombarded by 
a-partioles has yielded valuable information on the structure of the atomic 
nuclei of light elements. The development of electrical counters for a-particles 
and protons has provided a method by which the emitted protons can bo 
analysed in a more detailed manner than was possible by the scintillation 
method. These electrical methods have been applied to the examination of 
the protons emitted from many elements when bombarded by a-particles. 
For several elements the absorption curve of these protons reveals the presence 
of a number of discrete groups of protons each ending at a definite range. 
It is found that an «-particle of given energy may give rise to one or more 
groups of protons, each group corresponding to a transmutation process in 
which a definite amount of nuclear energy is either absorbed or released. It 
also appears that a-particles of all energies are not equally effective in pro- 
ducing protons, since the energies of the a-particles which produce protons 
fall into definite discrete groups. 

The experimental evidence so far obtained has been co-ordinated by adopting 
the picture of the nucleus shown in fig. L 

This figure represents the potential energy of an a-particle in the neighbour- 
hood of an atomic nucleus. If the energies of the ground levels of the proton 
and a-particle in the nucleus are and E^® respectively, then an incident 
a-particlo of energy E will give rise to a proton of energy E -f E,® — Ep® an 
amount of nucloaa* energy E^® — E,® being released in the process. Thus the 
occurrence of a number of groups of protons can be accounted for by assuming 
that the a-particle may fall into one or other of a few a-particle levels in the 
nucleus with energies, E*®, Ea^, .... It can also be supposed that the a-partiole 
will later pass to the most stable of these levels by one or more transitions 
accompanied by the emission of y-ray quanta of the appropriate «nergy. 
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On clMsioal grotmds, only a-particles of energy greater than the top of the 
potential barrier, E«„ can enter the nucleus, but firom wave con- 

sideratitms an «-particIe of energy less than may have a finite probability 
of entering the nucleus. Gurney* has pointed out that there may be a reson- 
ance effect between the oc-particle and the nucleus, which means that an 
«-particle of the appropriate energy, colliding with the nucleus, will have a 
very much greater chance of penetrating the potential barrier than if its 



energy were slightly higher or lower. Evidencof for this effect has been 
obtained from disintegration experiments, where it is found that protons are 
produced by a-particles which have entered the nucleus by passing both over 
the top of the potential barrier and through a series of discrete resonance levels 
in the barrier itself. 

In general, in previous work with electrical counters polonium has been 
used as the source of the bombarding a-particles. Polonium emits a-partioles 

* ‘ Nature,’ rol. 123, p. C66 (1929). 

t Pose, ' Z. Physik,’ vol. 64, p. 1 (1930) j CSiadwiok and ConsUble, ‘ Proo. Roy. Soc.,’ 
A, Tol, 136, p. 48 (1932). 
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of mean range 3»8 cm (energy being 6-25 X 10* e- volts) and is free from 
strong p- and y-radiation, so that the only ionizing radiations entering the 
counter are the protons to be observed. For the elements heavier than fluorine, 
however, the energy of the polonium oc-particle is insufficient to reach the top 
of the potential barrier. Protons observed when elements, such as aluminium, 
are bombarded with polonium a-particles are therefore produced by a-particles 
which have passed through the potential barrier at some distance from the 
top. Hence a-particlea of this energy do not permit a complete exploration 
of the potential barrier. Sometimes where the transmutation of an element 
is accompanied by an absorption of energy by the nucleus the process is more 
readily examined by using a-particles of energy greater than the polonium 
a-particlos, since when the nucleus absorbs energy the proton ranges are 
relatively short. There is some need, therefore, to use the electrical counting 
methods for experiments in which more energetic a-particlos are used for 
bombardment. Difficulty arises from the fact that all the radioactive sources 
available which give more energetic a-particles also emit strong p- and 
yradiation, and a counting method had to be developed which would not 
be disturbed by this ionizing radiation. 

In the ordinary parallel plate ionization chamber, used in many experi- 
ments, y-radiation gives rise to (i-particles, mainly produced in the walls of 
the chamber. Superposition of the ionization currents dxio to these p-particles 
usually produces a total effect comparable with that due to a single proton 
whose presence it is required to detect. 

Two conditions must be fulfilled in order to count successfully the individual 
protons in the presence of strong (i- and y-radiation. Firstly, the amplification 
of the primary ionization must be approximately linear, when the recorded 
effect of an individual electron, whether a primary p-particle from the source or 
a secondary particle produced in the chamber, will be negligible compared 
with that produced by a single a-partiole or proton, since the ionization pro- 
duced per centimetre path is for a proton at least of the order 20 times that 
produced by a ^-particle. Secondly, the time taken to record completely the 
effect of a single particle must be very short in order to decrease the probability 
of the superposition of the effects of individual ^-particles. The method 
adopted follows a plan similar to that used by Franz,* Both© and Franz, f 
and Haxel.J The protons are collected in a suitable form of ionization chamber, 

* ‘ Z. Physik,* vol, 63, p. 370 (1930). 

t ‘ Z. Physik/ toL 49, p. 1 (1928). 

t ‘ Z. Physik; vol. 83, p. 323 (1933), 



Artificial Disintegration hy Radium C' (K-partides 399 

the electrical impulscB from which are, after amplification, applied to an 
oscillograph. A permanent photographic record of the oscillograph deflections 
is obtained. The various parts of the apparatus used will now be described 
in detail. 


§ 2 Apparatits 

1. Counter— A G^Mger-Klemperer ball counter was used to detect tlie pro- 
tons. The counter, fig. 2, consists of a brass cylinder C, 4 cm long and 3 cm 
in diameter closed at one end by a brass disc having a circular window W, 
1 *5 cm in diameter, covered with aluminiiun foil of 8*13 cm stopping power. 
A highly polished steel ball B, diameter 3 mm, is supported centrally 1 cm 
away from the window by a brass rod R, diameter 2 mm. This is, in turn, 



supported by the ebonite disc E which closes the other end of the cylinder, and 
G is an earthed guard ring. Tube T is for the purpose of evacuating or 
admitting gas. 

Geiger and Klemperer* have shown that for such a counter, with suitably 
adjuBttid negative potentials on the counto case, the initial ionization produced 
by each individual particle on entering is magnified linearly by collision, The 
midtiplication factor increases with increasing counter potential until a 
maximum critical potential is reached beyond wliich the discharge changes 
character, and the charge collected by the central electrode becomes independent 
of the initial ionization. The time of collection is extremely rapid so that the 
counter, working in the linear region described, is suitable for our work. 

♦ ‘ Z. Physik,’ vol. 49, p. 768 (1928). 

2 F 


VOL, OXLVT. — A. 



400 W. E. Duncanson and H. Miller 

Since the multiplication factor of the counter, working in the linear region, 
increases rapidly with the voltage applied, and since the upper limit of the 
voltage for the linear region is comparatively sharp, a steady source of liigh 
potential is required. A suitable source of high potential has been described 
by Webster,* in which negative voltages up to 5000 volts can be obtained 
from the ordinary A.C. supply, free from ripple and other electrical disturb- 
ances, and which is stabilized so that the output voltages do not vary by more 
than J%. This apparatus proved very satisfactory for the present work. 

The counter was filled with dry hydrogen, a gas in which ionic mobilities 
are high, and the time of collection was thus considerably rediiced. It is 
important in the present wwk for both the counting area and the multiplication 
factor of the counter to be as large as possible. These both increase with 
increasing gas pressure, voltage, and size of ball. With the voltage supply 
available the most convenient working conditions, with a 3 mm ball, were a 
pressure of 69 cm and a voltage of 4300 volts. The natural effect of this 
counter was 6 particles per hour. 

The proton gave a maximum deflection of 10 mm on the photographic record. 
Deflections of appreciable size will occasionally be observed owing to super- 
position of p-rays in the counter and to avoid these, usually only deflections 
greater than 2 mm were counted. A consideration of the relation between the 
range of the proton and its specific ionization indicates that a proton of range 
greater than aboiit 14 cm in air will have a specific ionization less than 1/5 
of the maximum. Neglecting deflections less than 2 mm, therefore, means 
that protons with residual range greater than about 14 cm will not be counted. 
It will be seen later that such an efiect is apparent in the experimental curves. 

In a counter of the type used in these investigations the size of deflections 
produced by particles of given velocity depends upon the region of the counter 
tlirough which the particle passes, and will be a maximum for particles which 
pass close to the ball The volume effective in counting is shown shaded in 
fig. 2. Small kicks will be produced if particles have only a small path in this 
region. It was found that the number of particles counted by this counter 
was equal to the number ooimted by a parallel plate ionization chamber of 
circular opening of 0^75 cm diameter. 

To increase the counting area the counter, shown in fig. 3, was constructed 
in which seven balls, Bj, By, of 3 mm diameter were used. Each is 
supported at the end of a brass rod of 2 mm diameter Aj, Aj, Ay, fixed to a 
disc D in turn supported by the rod R. The rods A^-A^ are arranged sym- 
♦ ‘ Pmc. Camb, Phil Boo,; vol, 28, p, 121 (1931-^2), 
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metrically about A 7 on a circle of 1 • 5 cm diameter. A; is threaded to facilitate 
the adjustment of the central ball relative to the plane of the other six. The 
ebonite supports and guard ring are similar to those of the counter shovm in 
fig, 2 , The case C is 6 cm long and 5 cm in diameter, with an opening at the 
front of 2 cm diameter, covered by an aluminium foil. Outside this foil was 
a mica foil which would support atmospheric pressure, and movements of the 
aluminium foil on evacuation of the counter were thus avoided. Each of the 
outer balls was 1 cm and the central ball 0*85 cm from the front of the counter. 
For a case voltage of 4300 the pressure of hydrogen necessary was 46*5 cm. 

2 , Amplifier — The central electrode of the counter was connected to the 
grid of the first valve of a resistance-capacity coupled amplifier similar to 
that described by Wynn-Williams and Ward.* Indirectly heated valves in 



the third and fourth stages increased the amplification, while a further increase 
was obtained by having two pentodes in parallel in the output stage. Wynu- 
Williams and Ward have discussed at length the conditions necessary to allow 
an impulse to pass through the amplifier in a very short time. They point 
out that if the time is made too short the amplification will be seriously reduced, 
so that a compromise must be effected. In the present experiments it was 
found possible to use a grid leak of 4 megohms on the first valve without any 
interference from the Johnson effect, and the impulse was distorted in the 
lat^b stage by using a coupling resistance and condenser of values 260,000 ohms 
and 0 * 00 ] microfarads respectively, 

♦ ‘ Proo. Roy. Soo./ A, vol. 131, p, 391 (1931), 
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3. OmllogTaph-~lt will be seen from previous considerations that the 
natural frequency of the recording apparatus must be as high as possible. It 
was found most satisfactory to use a moving iron oscillograph of the type 
described by Wynn- Williams and Ward (he, ciL), It was fitted with a sub- 
pension wire of 125 fjt diameter the tension of which was adjusted until a 
natural frequency of 3300 was obtained. With the oscillograph element in a 
magnetic field of about 2000 gauss the sensitivity was 1 ■ 2 cm per 100 volts at 
a distance of 1 metre. The deflections of the oscillograph were recorded on 
cine-bromide paper moving at a rate of 20 cm per minute. 

Before this oscillograph was adopted a number of other possible recording 
devices were tried, and it seems worth while to give a brief account of these. 
An Einthoven string galvanometer was modified by replacing the string by a 
thin phosphor-bronze strip, the thin edge of which covered a fine slit inclined at 
a small angle to its length. A small deflection of the strip uncovers a long 
length of the slit thus giving large magnification. A light placed behind the 
slit allowed a photographic record to be obtained. The slit of light thus 
piiotographed varies in intensity along its lengtli and nuikes it difiicult to 
determine the end point. 

A Kerr cell was also tried, consisting of a pair of parallel nickel plates 
immersed in nitro-benzene. The cell was placed between crossed nicols. When 
an electric field exists between the plates light passes through the analysing 
nicol. The cell was connected to a modified output circuit in the amplifier 
and impulses of varying sizes passing through the amplifier were recorded as 
variations in intensity of light passing through the analysing nicol. Attempts 
to convert these intensities into lines of varying length by the use of an optical 
wedge gave a very imcertain end point to the lines, and for this reason both 
the Einthoven string galvanometer and the Kerr cell were abandoned. 

A cathode ray oscillograph of the von Ardenne type was used in some 
preliminary experiments and proved to be quite satisfactory. The output 
circuit of the amplifier had to be adapted for this oscillograph and a step-up 
transformer was used, the secondary of which was connected across one pair 
of deflecting plates of the oscillograph. With an accelerating voltage of 3000 
volts this instrument had a sensitivity at the fluorescent screen of 1 • 1 cm per 
100 volts. By using a suitable lens the fast deflections of the fluorescent spot 
could be photographed. However, on accoiuit of its more robust nature the 
moving iron oscillograph was finally adopted. 

4. Arrangemmt of Source mtd Target — Protons emitted in the same direction 
as the incident a-particles and also at right angles to that direction have been 
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observed. The arrangement of source and target for these two experiments 
are shown in figs. 4 and 5 respectively. In fig. 4 B, is a rectangular brass box 
closed at one end by a plate of ground glass. In the opposite end of brass is 
a bole W of I cm diameter closed with mica of stopping power 3-28 cm. Mica 



Fi«. 5 


absorption screens A may be inserted in the holder H. The source of 
a-partioles S, and the target T of the element to be examined, are supported 
at the same height as W, and are carried on a brass plate C. The distances 
between the source, target, and counter can be varied at will. It was arranged 
that the box could be evacuated or gas circulated through it. 
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For the right angle experiments the supports for the source and target were 
modified and arranged as shown in fig. 5. S and T are arranged parallel to 
one another at an angle of 45® to the base of the box, and with their centres 
1-5 cm apart. A block of lead 0-85 cm thick serves the twofold 
purpose of preventing a-particles from the source from striking the mica 
window W and also cuts down the intensity of the y-rays reaching the counter. 
The centre of the target is 1*5 cm from the window. In experiments for 
both the forward and right angle direction the box B was placed between the 
poles of a strong electromagnet in order to prevent the ^-particles, emitted 
by the source, from entering the counter. 

The range of the a-partioles incident on the target may bo varied by intro- 
ducing gas between the source and target or by placing absorption screens 
over the source. In general a gas is more convenient as it enables the range 
of the a-particles to he varied by small increments. In the experiments in 
the forward direction carbon dioxide gas was used for this purpose as neither 
carbon nor oxygen are disintegrated when bombarded by a-particlea. 

The source of a-partiolos was radium (B + C) deposited on a nickel disc of 
8 mm diameter. Experiments have been made witli sources of initial strength 
up to 100 millicuries. 

§ 3 Aluminium 

1. Introduction — The experimental observations on protons emitted when 
elements are bombarded by a-particles give information on two distinct 
problems connected with the nuclear structure of the bombarded elements. 
The first problem deals with the nature of the potential barrier of the nucleus 
for an a-particle and the probability of penetration of the a-particle through 
this barrier. The second problem is concerned with the a-particle and proton 
levels in the nucleus. 

Many investigations have already been made on the structure of the alumin- 
ium nucleus by bombarding it with polonium a-particles.* The results of 
Chadwick and Constable show that in the region of the potential barrier 
examined (between 3-7 X 10® e- volts and 5-25 X 10® e- volts) the 
a-particle may enter the nucleus through one of four resonance levels, the 
maximum energies of which are 4*0, 4*49, 4-86, and 6-25 X 10® e- volts 
respectively, witli width about 260,000 e-volts. The same workers have also 

♦ Pose, * Phys. Z.,’ vol. 30, p. 780 (1929) ; * Z, Physik,’ vol. 64, p. 1 (1930) ; vol. 67, 
p. 194(1931) ; Chadwick, Constable, and Pollard, ‘Proc. Boy. Soo.,* A, vol. 130, p. 463 
(1931) ; Chadwick and Constable, * Proc. Roy. Soc.,* A, vol. 135, p. 48 (1932). 
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shovm that the a-particle on entering the nncleus may fall into one of two 
possible levels whose energies are 0 and — 2*3 X 10® e- volts relative to the 
level from which the proton is ejected.’** 

In some recent experiments by Haxelf in which aluminium is bombard(«i 
by radium C' a-particles. a third a-particle level is indicated in the nucleus 
with an energy 2 X 10® e-volts relative to the proton level. This result will 
be discussed later in conjunction with the present experimental results. 

In the above work, and also in that of the present writers, there has been no 
indication that the a-particle has not been captured in the transmutation. 
Tlie following reaction is ther(3fore assumed to take place 

The resulting nucleus is therefore Si®®. 

The relation between the velocities of the incident a-particlo and of the 
emitted proton and the energy released by the nucleus in the transmutation 
is derived from considerations of energy and momentum relations, assuming 
that the a-part^cle is captured in the process. We have 

Q “ ^ (w'(. + ”*f>) “ MV* (m„ — M) — 2MVmp»p cos 6], (1) 

where 

Q — energy released by the nucleus at a disintegration, 

Vj, -- mass and velocity of the emitted proton, 

M, V ~ mass and velocity of the incident a-particle, 

— mass of the residual nucleus, and 

0 — ungle between the direction of the incident a-particle and of the 
emitted proton. 

2. Nuclear Levels of Proton and (x,- particle — Experiments were made to 
detect the proton groups produced by a-particles of a given energy. This was 
done by bombarding a thin aluminium foil, 0 • 4 cm stopping power, with the 
maximum range a-perticles from radium C'. A group of 66 cm range was 
obtained which gives for the energy Q released at a transmutation a value in 
good agreement with the value — 0*16 X 10® e-volts obtained by Chadwick 
and Constable. The yield of protons from the thin foil was so small that 

* A recently determined range- velocity relation by Duncanson {* Proo. Camb. Phil, 
Soo.,* vol. 30, p. 102 (1084) ) will be used in this paper. Using this relation the values of 
these nuclear energy changes become — 0*16 X 10® and 2*07 x 10® e-volts, 
t Haxel, * Z, Physik/ vol. 88, p. 328 (1988). 
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a thick foil of aluminium, 8 cm stopping power, had to bo used to detect the 
group corresponding to the second energy change of Chadwick and Constable, 
In this experiment the source was 0*3 cm from the target and the target 3*8 
cm from the counter. 

Fig. 6 is the absorption curve of the protons emitted in the forward direction 
under these geometrical conditions. If the protons of 107 cm range are 
produced by the maximum range a-particles, then the release of nuclear energy 
in this process agrees with the value Q == 2*07 X 10* e- volts given by Chad- 
wick and Constable. The 66 cm group is again observed. Tliis absorption 



curve includes groups of protons produced by a-particles entering the nucleus 
through resonance levels, but the geometrical arrangement was not sufficiently 
precise to resolve these. 

Fig, 6 also suggests a group of protons ending between 40 cm and 45 cm, 
and to test whether this is due to a third value of the nuclear energy change 
furtlicr experiments were made with a thin aluminium foil, 0*4 cm stopping 
power, bombarded with 6*87 cm a-particles, both in the forward direction and 
at right angles. The absorption curve for the forward direction indicated a 
group of protons ending at 45 cm. Fig. 7 is the absorption curve of the protons 
in the right angle direction and shows two groups ending at 24*6 cm and 
37*7 cm. If the 46 cm group in the forward direction and the 37*7 cm group 
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in the right angle direction correspond to the same value of the nuclear energy 
change, then a value of 70*^ is given for the minimum effective angle between 
the incident a-particle and the ejected proton, when the appropriate values 
are substituted in equation (1). This is in good agreement with the value 
78° deduced from geometrical considerations. The two groups of fig. 7 there- 
fore correspond to nuclear energy changes of ~1’53 X 10* e- volts and 
-“2*67 X 10® e- volts. There is evidence in the curve obtained by Rutherford 
and Chadwick,* by the scintillation method, for the existence of a group of 
protons ending at about 20 cm in the right angle direction. The proton group 



due to Q = — 2*67 X 10® e- volts wiU have a maximum range of 30 cm in the 
forward direction, but this cannot be detected since it has a range shorter than 
the natural protons, i.e., protons produced from the hydrogen contamination 
of the source and target. 

The curve of fig. 7 shows the effect duo to counting only the deflections which 
were greater than 2 mm. Deflections due to fast particleB do not appear 
above the background of the records. Evidently only particles having a 
residual range of less than about 13 cm in the counter were detected and this 
is in good agreement with the value, 14 cm, obtained earlier from theoretical 
considerations, 

♦ * Proo, Camb, Phil. Soo.,’ vol. 25, p. 186 (1928-29). 
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Table I 

I II III IV 

Nuclear energy cliange in 10* e- volts 2 *07 —0 *10 — I * 53 —2 ■ 67 

Approximate value of relative proton yield 13 3 5 

Four jKJSsible values for the nuclear energy change at a disintogratiou are 
thus indicated and these are given in the second row of Table I ; these have 
be{^n numbered I, II, III, IV. The third row of Table I gives approximate 
values for tJie relative number of protons emitted for the rosjKictive values of 
Q. These ratios arc obtained on the assumption that they are the same for 
a*particlos of all energies, since the ratio of I to II is taken from the work of 
Chadwick and Constable,* while the ratios of 11, III, and IV have been derived 
from observations of the protons emitted both in the forward and right angle 
direction from a thin foil in the present work. 

If the ejected proton always arises from the same level, these four values 
of the nuclear energy change suggest that the a-particle causing the disin- 
tegration may fall into one of four levels which are shown diagrammatically 
in fig. 10, It may be assumed that the resultant nucleus finally settles down 
to its unexcited state by the passage of the a-particle to its ground state in 
one or more steps with the consequent emission of y-radiation. Hence this 
y-ray emission of aluminium may be expected to contain quanta of several 
discrete energies. 

If the a-particle passes by a single transition from an excited level to the 
ground state, then y-rays of the following quantum energy can be expected 
4*74, 3-60, 2-23 X 10® e- volts. On the other hand, if transitions to the 
intermediate levels take place there will also be present quanta of energies 
2»61, 1*37, 1*14 X 10® e-volts. It is possible that some of these transitions 
may be forbidden. This consideration suggests that the hardest component 
in the emitted y-radiation must have an energy of at least 2-23 X 10® e-volts 
while it may have an energy of 4 *74 X 10® e-volts. 

Haxelf has recently made some experiments on the disintegration of alumin- 
ium using the a-particles from a radon tube and those from a thorium (B + C) 
active deposit source. In the experiments with the radon tube he obtained 
proton groups corresponding to the two nuclear energy changes found by 
Chadwick and Constable and verified by the present writers (present values 


♦ ‘ Proo. Roy. Soo,/ A, vol. 136, p. 48 (1932). 
t * Z. Physik/ vol, 88, p. 823 (1933), 
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being now taken as — 0*16 x 10* and 2*07 x 10* e-volts). With thorium 
(B -f C) as a source of a-particles he observed a new group of protons which 
correspond to an energy change of — 2 X 10* e-volts. This is not in accord 
with either of the two values (-1-53 x 10® and —2*67 X 10® e-volts) 
found in the present work. In the work of Haxel geometrical conditions were 
such that the minimum angle between the direction of the observed proton 
and the incident a-particle was 90°. In this direction a-particles of 8*6 cm 
range would produce protons of ranges 46 cm and 32 cm for nuclear energy 
changes — 1*53 X 10® and — 2*67 X 10® e- volts respectively. The 4*6 cm 
a-particles from thorium (B -f C) will produce, with the energy change 
— 0*16 xlO® o-volts, a proton group of range 33 cm. It seems possible that 
Haxel has been unable to resolve these three groups of protons, and this may 
account for the discrepancies between his results and ours*. 

3. Resonance Levels — The second problem, as already indicated, deals with 
the penetration of the a-partieJe through the potential barrier. There will 
now^ be described oxp<^riments on the exploration of the potential barrier of 
the aluminium nucleus with a-particles of energies between 5*25 X 10® and 
7*7 X 10® e-volts. 

A thin aluminium foil (0*16 cm stopping power) was bombarded with 
a-particles of different ranges, and observations were made on the variation 
of the number of protons with the range of the incident a-particle. The 
arrangement of the source and target for this exp<iriment is as shown in fig. 4. 
A thick silver foil was placed behind the aluminium foil to prevent a-particles 
striking the mica window. The distance between the source and target was 
1 ‘6 cm and between target and counter 1*6 cm. The range of the a-particles 
striking the aluminium target was varied by introducing into the box B, fig. 4, 
carbon dioxide at different pressures. The stopping power of carbon dioxide 
relative to air was taken as 1*53, Thus for atmospheric pressure of carbon 
dioxide, in a distance of 1 *6 cm the range of the a-particles is reduced by 2*3 
cm. In order to reduce the range still further several gold foils of a total 
stopping power of 0*85 cm were placed over the source. The a-particle range 
could then be varied from the maximum 6*87 cm down to 3*72 cm. 

The curves obtained are shown in fig, 8. Curve 1 is for an absorption of 
42*2 cm in the proton path, and curve 2 is for a corresponding absorption of 
34*2 cm. It is seen that the proton yield decreases with decreasing a-particle 

[* RoH added in^oof, JfeTay, 23, 1934— Haxel (‘Z, Physik,’ voL 88, p. 346 (1934)) 
has recently shown that there are four possible values of the nuclear energy change and 
obtains results in good agreement with those of Table I.] 
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range to a minimunv at 6-6 cm range, then rises sharply to a maximum at 
6-25 cm range, and to a further maximum at 4*25 cm range. 

In an interpretation of this excitation curve several points have to be bom 
in mind. Firstly a-particles of a given range produce four groups of protons 
corresponding to the four values of the nuclear energy release. For 6-87 cm 
a-particles these ranges are 30 cm. 45 cm, 66 cm, and 107 cm respectively. 
As there is already 42-2 cm of absorption in the proton path for curve 1, the 
protons of the smallest range will not be counted. For 6 - 5 cm a-particles, the 
next group, now having a range less than 42 cm is not observed, so that the 



decrease in the proton yield below 6*5 cm cannot be accounted for by the 
absorption of this group. 

The third group of protons will be completely absorbed when the a-particle 
has a range of 4- 6 cm and absorption will begin at a somewhat higher range, 
owing to the heterogeneity of the proton group. This fact will contribute to 
the decrease in curve 1. Comparison with curve 2 shows that the decrease 
is not wholly accoimted for by this effect. 

Similarly it can be shown that the only part of curve 2 which can be affected 
by absorption of the protons is the part below 4*2 cm a-particle range. 

A second point to be considered is that only deflections greater than 2 mm 
have been coimted, which means, as has bem shown, that protons reaching 
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the counter with a range greater than 14 cm will not be counted. This accoimts 
for the fact that for a-partiole ranges greater than 6 cm the points of curve 2 
fall below these of curve 1. 

From fig. 8 it can now be deduced that as the range of the a-particle is 
reduced from 6 '5 cm the decrease in proton yield corresponds to a decrease 
in probability of penetration of the a-particle through the potential hairier. 
Penetration through the barrier ceases at a range of 5*6 cm (energy equal to 
6*7 X 10® e-volts). Riezler* who investigated the scattering by aluminium 
of a-particles of range 6 *5 cm deduced that a-particles making central collisions 
with an aluminium nucdeus must have an energy of at least 7 X 10® e-volts for 
them to have an appreciable probability of penetrating the top of the potential 
barrier. The above result is in good agreement with this. 

The rise to a maximum at a range of 5 *25 cm and again at 4 • 25 cm indicates 
the existence of resonance levels in the potential barrier, a-particles entering 
the nucleus by these levels will each give rise to four groups of protons. Experi- 
ments wer(i made to detect the groups due to the nuclear energy change 
Q = — 0-16 X 10® e-volts. For this purpose a thick aluminium foil was 
bombarded by a-particles of maximum range from radium C' and the absorp- 
tion curve of the emitted protons observed in the region 32 cm-GG cm. The 
distance of the source from the target was 2 *6 cm and the distance of the target 
from the counter 2*1 cm. The results of this investigation are shown in 
fig. 9 where the number of particles per milligram per minute is plotted against 
the range. The upper curve is for deflections greater than 2 mm and the lower 
one for deflections greater than 5 mm. On the upper curve the low points 
after the end of a proton group and the general rise of the curve as the end of the 
next group is approached is due to the failure to count fast protons as has been 
pointed out earlier. This effect is accentuated in the lower curve of fig. 9. 
For these experiments about 200 particles were counted on each point of the 
upper curve, and about 50 to GO on each point of the lower one. 

From the two curves of fig. 9 it is seen that there are four groups of protons 
ending at 38 cm, 45 cm, 63 cm, and GG cm respectively. The ranges indicated 
in the figure are measured from the point at which the a-particles enter the foil 
of aluminium. If, however, any of the proton groups are produced by 
a-particles having a range less than the maximum they originate at some point 
in the aluminium at which the a-particle has lost the required amount of energy. 
The real range of the proton group will thus be less than that indicated in the 
curves of fig. 9. 

♦ ‘ Proc. Roy. 8oc.; A, vol. 184, p. 154 (1931). 
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Assimxijig that the group of range 53 cru is due to an energy change 
“0*16 X 10® e-volts and correcting the range according to the above con- 
sideration, which reduces it to 51*5 cm, it can be calculatod from equation (1) 
that the a-particle producing this group has an energy of 6-61 X 10® e- volts, 
corresponding to a range of 5*45 cm. Eeferring again to the excitation curve 
in fig, 8 it is seen that as the a-particle range is decreased the yield of protons 
reaches a minimum between 5*7 cm and 5*5 cm. On further reduction of the 
a-particle range the proton yield rises to a maximum for an a-particle range of 
5 *25 cm (6*45 x 10® e-volts). This maximum in the excitation curve indicates 



the energy of the a-particle for wMch the probability of penetration of the 
barrier in this region is greatest, whereas the range of the a-particlo deduced 
from the absorption curve, fig. 9, is that of the a-particle of maximum energy 
which can penetrate the barrier in this region. This would be consistent with 
the assumption that there is a resonance level in the potential barrier with a 
maximum energy of 6*61 x 10® e- volts and a width of 300,000 e-volts. How- 
ever, little reliance can be placed on this method of determining the width of a 
resonance level as a difference of i mm in the position of the maximum iit 
fig. 8 will alter our estimate of the width by about 200,000 o-volts. 

After correcting the proton range in a manner similar to the above the range 
of the group observed at 38 cm becomes 36 cm, which is in good agreement 
with the group at 34 cm produced by an a-particle of range 3*9 cm, and 



ArtijicidA Dmntegmticm by Radium C' %-particles 413 

with the value of Q = — 0*16x10® e- volts, found by Chadwick and 
Constable. 

Consider now the group ending at 45 cm. From the experiments on the 
thin aluminium foil it is seen that a-particles of range 6*87 cm produce protons 
of range 45 cm corresponding to a nuclear energy change of -—1*53 X 10® 
e- volts. The resonance level revealed in fig. 8 at an a-particle range of 4*25 cm 
would give rise to four groups of protons and one would be expected ending at 
a range of about 42 cm, corresponding to Q — — 0 • 16 X 10® e-volts. In the 
upper curve of fig. 9 such a group is not separated from the 45 cm group, but 
there are indications of its presences in the lower curve. Those are still more 
definite in the corresponding curves for deflections greater than 6 mm and 
7 mm respectively, where a group ending at 42 cm is apparent. The range of 
the a parfciclc producing a group of this range with an energy change of 
Q ~ 0 * 16 X 10® o-volts is 4 * 35 cm, giving an approximate value of 200,000 
e- volts for the width of the resonance level concerned. Chadwick and Con- 
stable found proton groups of ranges 49 cm and 55 cm produced by a-particles 
of 2 - 7 cm and 3 • 1 (Jm range respectively and these would appear on our curves, 
fig. 9, at 53 cm and 59 cm respectively, bxit no attempt was made to resolve 
them. 

Table II 

Maximum range R of a-partidc 5-46 4 '35 3*9 3-45 3*1 2-7 

Corresponding energy in 10* e-volts 6-61 6*75 5*25 4*86 4*49 4-0 

In Table II are collected the results of Chadwick and Constable and the 
present writers in w'hich is given the maximum range a-particle that can enter 
the respective resonance levels and their corresponding energies. 

4. Width of Rmonarice Levels — Chadwick and Constable have used several 
methods to obtain information about the width of a resonance level. 

(i) By observing the maximiun and minimum velocities which the a-partiole 
must have to liberate a ceitain proton group. 

(ii) If for a certain group of protons the ratio of the yields obtained from a 
thick and thin aluminium foil is determined, then the product of this ratio 
and the energy the a-particle loses in passing through the thin foil gives an 
estimate of the width of the resonance level in question. 

(iii) By assuming that the resonance level is an 8-level, that is, one with 
angular momentum zero, the probability of a-partioles of a given energy 
entering the nucleus by means of this level can be (calculated. As we are dealing 
with an S-level, only a-particles with angular momentum between 0 and h/2n 
will oonoem us. Knowing therefore the total number of protom emitted by 
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a-particles entering at a given level the width of this level can then be calculated. 
This gives a minimum value for the width since it has been assumed that all 
a-particles which enter the nucleus cause a disintegration. Chadwick and 
Constable, using this method deduced a value of 2H0,()00 e-volts for the width 
of the levels found in their experiments. However, they assumed that all 
protons emitted from the nucleus were confined to two groups produced by the 
energy changes I and II of Table L It is seen from Table I that the total 
yield of protons from the groups I, II, III, and IV will bo three times the total 
yield from I and 11. This would lead to a value of 690,000 o- volts for the 
minimum width of the resonance level which cannot be reconciled with the 
estimate's obtained from the two previous methods, If, on the other hand, it is 
assumed that the resonance level is a P-level — that is, a-particles entering the 
nucleus through this level have angular momentum between A/27r and 2A/2u 
— ^the calculations give a value of 230,000 e-volts for the minimum width, in 
good agreement with the other estimates. 

The same argument can be applied to the results of the present experiments. 
The width of the upper level of maximum energy 6*61 x 10® e-volts can be 
determined from the observed yield of the 63 cm group from the thi(;k foil, 
fig. 9. Assuming this level to be a P-level a minimum value of 200,000 e-volts 
is given for its width, while an S-level gives a minimum width of 600,000 
e-volts. Deductions from figs. 8 and 9 have led to an approximate value of 
300,000 e-volts for its width. Thus it is not certain whether this is an S- or 
a P-level, though it seems more likely to be a P-lovel since an S-level would 
have a minimum width of 600,000 e- volts. 

Since no group of protons produced by the entry of a-particles through the 
6-75 X 10® e- volts level is resolved in the absorption curve, fig. 9, the width 
cannot be estimated from arguments based on the proton yields, though an 
approximate value of 200,000 e- volts has already been indicated for the width 
of this level. 

A diagrammatic representation of the interaction field between the a-particle 
and the aluminium nucleus is given in fig. 10, showing the position of the 
resonance levels and the position of the a-particlo levels in the nucleus relative 
to an arbitrary position of the proton level. 


§4. Magnesium 

The scintillation method has already been used* to detect the protons 
emitted when magnesium is bombarded with a-partioles from RaC', and 
♦ Rutherford and Chadwick, * Proc. Phys. Soc. Load./ voi. 36, p. 417 (1924). 
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protoiis up to about 40 cm range have been observed. The use of electrical 
^ counters enables a more detailed investigation to be made. 

The present work on magnesium has been mostly confined to an examination 
of the protons emitted in a direction approximately at right angles to the 
incident a-particles, since the disintegration is accompanied by an absorption 
of energy by the nucleus and the ranges of most of the protons in the forward 



direction are shorter than those of the natural protons. The interpretation 
of the results cannot be conclusive until it is known whether one, two, or all 
the isotopes of mft. gnftRinm ate concerned in the disintegration. 

Valuable information can be obtained by observing the protons produced by 
oc-partioles of a given energy. In practice this was nearly realized by bombard- 
ing a foil of magnesium of 2 mm stopping power. The loss of energy of an 
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«-parfcicle from EaC', of energy 7*7 x 10* e-volts, in this foil is only about 
200,000 e- volts. The foil was prepared by depositing magnesium on a sheet of 
gilver foil by evaporation in a vacuum. 

(x-particle Levels in the Nucleus— Fig. 11 is an absorption curve of protons 
emitted in the right angle direction from a thin magnesium foil of stopping 
power 0*2 cm with the arrangement of source, target, and counter as shown in 
fig. 6. The effect of the failure to count protons of range greater than 14 cm, 
which has been discussed earlier, is apparent in the curve. From geometrical 
considerations the minimum angle between the proton and the incident 
a-particle is 75®. Fig. 11 reveals two proton groups ending at 21 cm 
and 31 cm. 



Ran^fcm.) 
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There was also some evidence for a group of still greater range, but as its yield 
was so small the group was looked for in the forward direction from a thick 
magnesium foil. The absorption curve of protons thus obtained revealed a 
group ending at 39-5 cm, which corresponds to the 31 cm group in the right 
angle direction, and a much weaker one ending at about 50 cm. It was 
difficult to determine accurately the end point of this latter group as its yield 
was so small. 

Since magnesitun consists of three isotopes Mg^, Mgs 5 , and Mg^i^, it is not 
possible at present to decide which isotope or isotopes are involved in the 
production of these protons and the curves will be interpreted with reference 
to each one. In Table III the results are collected for these two experiments 
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in the right angle and forward direction. In columns 4, 5, and 6 are given the 
energy changes for each isotope corresponding to the various proton groups.* 


Table III. 


Range of 

Range of 

Range of 




a-particle 

proton in 

proton in 

Energy change in 10* e- 

•volts 

in cm 

forward 

right angle 

- 



Mg« 


direction, cm 

direction 

Mgw 


6-87 

60 



-116 

-M6 

-MS 

6*87 

39-6 

31 

-1-90 

-1-91 

-1-93 

6*87 

— 

21 

-2-87 

-2*88 

-2*91 

ITo deductions can be made about the emisBion of a y-radiation as it is not 


known whether all the energy changes belong to the one isotope. 

Resonance I^evels — Experiments were also made to investigate the penetration 
of the a-particlo through the potential barrier of the magnesium nucleus. A 
thin film (0-2 cm stopping power) of magnesium was bombarded by a-particles 
from Ra C' and protons which were emitted in the right angle direction coimted. 
The apparatus used was that of fig. 5. A brass cylinder was fitted on the source 
holder R in order to hold mica screens in the path of the bombarding a-particles. 
The a-particle range was varied from about 6 cm to 4 cm and fig. 12 shows the 
variation of the proton yield with a-paiticle range. Tlie absorption in the 
path of the protons was 12*1 cm. 

This curve reveals tw^o resonance levels in the potential barrier for a-particlen 
of range greater than 4 cm. The ranges of the a-particlos for maximum 
probability of penetration through the resonance levels are 5*0 cm, energy 
= 6'3 X 10* c- volts, and 4*25 cm, energy = 5*7 X 10* e- volts, respectively. 
The curve also indicates that penetration through the top of thcj potential 
barrier stops for an a-particle range of 5*25 cm, energy = 6*5 X 10® e- volts. 

The a-particles entering the nucleus through each resonance level will 
produce three groups of protons corresponding to the tliree values of the 
nuclear energy change, and an attempt was made to detect these by bombard- 
ing a thick magnesium foil with Ra C' a-particles and observing the protons 
emitted in the right angle direction. It was found difficult to separate with 

• Klarmann (‘ 2. Physik,* vol. 87, p. 411 (1934) ) has recently described some experi- 
ments in which magnesium has been bombarded by polonium a-particles. There are 
considerable differences between his results and ours, but both sets of experiments give 
an energy change of — 1*9 X 10* c-volts. We have observed no protons corresponding 
to the eneigy change “0*6 x 10® e-volts deduced from his experiments, although the 
yield of the corresponding group in his experiments was quite large. With such an energy 
change a-partioles of 6*87 cm range would have given a proton group of about 60 cm 
range in the forward direction. 
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certainty the individual groups of this cur^’^e, and it did not seem profitable 
to pursue the investigations further at this stage, particularly as there is no 
means of deciding which isotope or isotopes of magnesium are responsible 
for the observed effects. 

No accurate meastirements have been made of the masses of these isotopes 
and it can only be assumed that the mass defects of Mg24, Mga5, lie on 
the curves for elements of mass numbers 4 n, 4 w + 1 , and in + 2 respectively,* 
where n is the number of a-particles in the nucleus. If this assumption is 
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correct, the transmutations Mg24 -*• Alj,, Mgj5 -► Aljg, and Mg^ -*■ AJjj would 
each be accompanied by the absorption of energy of a few million volts (that 
is, fl HHinning that the aluminium isotopes also lie on their appropriate mass 
defects curve). Consideration of the relative abundance of the three isotopesf 
suggests that the most likely transformation is Mgi4-+Ai,7, but either of the 
two other isotopes may also be concerned in the production of the protons. 

The writers wish to express their thanks to Lord Rutherford for his interest 
in the work, and to Dr. Chadwick for suggesting the problem and for his 

* Chadwick, Constable, and Pollard, ‘ Proc, Roy. Soc.,’ A, vol. 130, p. 468 (1931). 

•(•The isotopes Mg,,, Mg,„ Mg,, are present in the ratio 77-4: 11’6: 11*1 (Aston, 
** Mass Spectra and Isotopes,” p. 236). 
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The quantum meohanical perturbation theory can be applied in two distinct 
ways, which we may call the stationary and non-statioaary methods, to the 
problem considered. In the former the whole system, metal and light wave 
and photoelectric current, is assumed to be in a stationary state, while in the 
latter the metal alone is supposed to be in a stationary state, and the light 
wave is suddenly turned on at a definite time. After a long time we should 
expect a steady state to be reached, and woiild naturally expect the properties 
of this state to be the same as those of the state considered by the stationary 
method. Mathematically the two differ only in the methods adopted to 
solve the same differential equation, the first order equation of the perturbation 
theory. In the stationary method, the total wave function is written down 
diititrtly, appealing to physical considerations to justify the exclusion of those 
parta of it representing electrons moving towards the surface of the metal. 
In the non>stationary method, the total wave function is determined as an 
expansion in a series of solutions of the unperturbed problem. These partial 
wave functions then have no direct physical significance, and we cannot exclude 
any of them on a priori grounds. It is here that Tamm and Schubin fall into 
error. Keraarking that the total wave function must represent a stream of 
electrons moving outwards from the surface of the metal, they conclude 
wrongly that the same must be true of each partial wave function entering 
into the expansion. This evidently amounts to arguing that “ the group 
velocity must be outwards from the surface, hence so must the wave velocity 
of every wave ” — a well-known non 8equUnr.’\ 

In the present paper the correct result for the surface effect, using the pro- 
posed model, is derived by the two imithods outlined above, and the results 
of more general calculations, in which account is taken of the refraction and 
reflection of light at the metal surface, aie quoted and shortly discussed. A 
later paper will present a more detailed comparison with experimental results. 

Gahidation by the Stationary Method 

3.1. The Method — ^We consider the behaviour of a single electron in the 
metal, using the model proposed in the preceding section, and calculate the 

t In a metal bounded by an infinite plane, where the wave equation separates in rect- 
angular Cartesian co-ordinates, a certain arbitrariness remains in the wave functions 
representing free states, in that we can have outward and inward moving waves of the 
same energy, both of which must be included in our expansion. In an atom, with the wave 
equation separating in spherical polar co-ordinates, the behaviour of the wave function at 
the origin determines a definite combination of the inward and outward waves, and the 
same difficulty does not arise. 
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pertiirbation produced by an incident light wave. The metal is taken to 
occupy all space to the negative side of the plane of yz, and the light wave, 
of frequency v, js supposed to be incident upon the surface in a direction making 
an angle 0 with the x-axis. For convenience, the plane of incidence is supposed 
to be the plane of xy, and refraction and reflection of the light will be neglected. 

The initial wave functions are determined, and the light wave is considered 
to act as a small perturbation. Two equations are found to determine this, 
to the first, order, inside and outside the metal, and these are to be solved in 
such a way that the perturbed wave function and its first derivatives shall be 
continuous at the surface. The general solution obtained in this way still 
contains two arbitrary constants. These are dettirminod from the condition 
that tlie total wave function must represent electrons moving away from the 
surface, both inside and outside the metal. The currtmt outside the metal due 
to the given initial state can then be calculated, and the result summed over 
the conducting electrons to obtain the total emission, 

3.2. The Inituil Wave Functions — ^The wave equation for an electron in the 
metal, under the influence of a light wave whose vector potential is A and 
scalar potential ;5ero, is 


r72, I 

871%. ^ 27U dt 


Yu 


ihe 


27tmc 


(A, grad u), 


( 1 > 


where V is the potential energy of the electron in the metal, 

V =- a:; < 0 ] 

( 2 ) 

V = 0, a: > 0 j 
and e is the charge on the electron. 

We replace A by zero to obtain the equation for the initial wave functions. 
Setting 

= exp {2'niEfJilh), (3) 

we obtain the ordinary Schrodinger equation for an electron in a field V, 


Ab Y is a funotiou of x alone, this equation is sepaiabio. 

Equation (4) is to be solved for bound states, for which 

E»<0<E* + Av,. (5> 

subject to the conditions that must be everywhere finite, a nd an d 
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must be continuous on the plane a? = 0, We introduce three quantities 
ky, k^y such that 

^ (E. + Av„) = V -f- V + V. (6) 

and denote by p the positive value of the expression 

p = (7) 

where 


The appropriate solution of (4) is then seen to be 

+ + xC^O ] 

(9) 

^{;fc = a^6/,e” ^ x>0 j 

where cnj^ is an undetermined constant, and a* and bf^ are constants determined 
by the continuity relations at a; — 0, 

ifc — 1 + «& 1 

( 10 ) 

pbk (1- ^fc) / 

Evidently Aj,, k^, and k^ must all be real, and A:* may be restricted to positive 
values only. 

3.31. The Perturbation produced by the Light Wave — ^We will suppose now 
that the amplitude of the light wave is small. Then in equation (1) we set 

W = + (11) 

where Uj, is given by (3) and (9). Terms in Uf^, on the left-hand side of (1) 
will go out, and hence, neglecting products of v and terms involving A, we 
obtain the first order equation of the perturbation theory, 

Vh + — Yv = — (A, grad m*). (12) 

HrAn 2?^ dt iwm ^ 

Suppose now that the vector potential of the liglit wave is given by 


A 2a cos 


27tv I# 


a; cos 6 -f y sin 9 


where a is a constant vector. Replacing the cosine by its exponential expres- 
sion, we see that the right-hand side of (12) will fall into two parts, having the 
time factors exp {2m (B*. ± ^v) i/A), and so v will also fall into two parts 
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having these same time factors. These parts evidently correspond to photo 
electric excitation and to stimulated emission ; the latter may be neglected 
immediately, by omitting the corresponding term from (12). Setting 

v:=<f>(x, y, z) exp {lid (E* + Av) tjh), (14) 

we obtain the equation for 

W + ^ (E, + Av - V) 

= - (a, grad <}<*) exp (^2 tov ). (15) 

Again, the right-hand side of (15) is the sum of tliree terms, involving respec- 
tively, a^, which can bo regarded as independent, since both the angle of 
incidence and the plane of polarization of the light wave can be varied inde- 
pendently. The corresponding contributions to ^ will then be additive, and 
they may be determined separately by setting 

(j> = Xaj^a, + ( 16 ) 


where the X< are constants, and corresponds to a^, for i = x, y, 2 . 

3.32. Wo proceed to the determination of <j}^. Setting 

= (17) 

q = (A/ + (iv)J, (18) 

»• = + tr (v — vj}*, (19) 

where in (18) and (19) the positive values of the roots are to be taken, and r 
is supposed to be real, the equations obtained are 

vv. + (e* + V + *.*)^. 

= — — o*e**»*) e**i,v*’**»* exp ^ 27 »v ^ 0 y sin 6 

X <0, (20) 

V*^, + (rHV + V)^. 

= - pb^ e-*** e<^»' I **.’ exp (2mv *>0. (21) 

The solutions <fi^ are required to be everywhere finite, to represent waves moving 
outwards from the surface, both inside and outside the metal, and further to 
be such that and d<f>Jdx are continuous on the plane a: = 0. 

We will now neglect 2nv/c in comparison with and ifc„. This is per- 
missible for the majority of electrons in the metal, the order of magnitude of 
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2tcv/o being 10® and that of for the important electrons being 10* 

The particular integrals of (20) and (21) then depend upon y and z through the 
factor exp (ik^y + ik^z)y and it is found that they do not by themselves 
satisfy the continuity relations. We must then add to them those parts of 
the complementary functions having the same y- and ^-factors, and representing 
outgoing waves. The solutions thus obtained aref 


<f>^ = «' 


<f>x ---= e ^ eS*' ' “V. 

I uv J 


x< 0, 

X > 0 , 


where 6^. and are constants determined by the continuity relations, 

o,-i*.(I-..)=6.--* I 

[XV p,V 

iqc^—— (l+a^:) = — irb^+ ^ 1 

[XV [XV / 

Elimination of c,, using (10), leads to the result 

b = =: (P — 

tv(g + r) |jiv( 5 r + r) 


( 22 ) 

(23) 


(24) 


(25) 


3.33. <f>y and can be determined similarly. In these cases, however, it 

is easily seen that the equations corresponding to (20) and (21) have as in- 
homogeneous terms the expressions for di\fJdyoT d^Jdz in the two regions, when 
27i:v/c is again neglected. The particular integrals, then, are the expressions 
for (1/fxv) or (l/[xv) dt\fjdzt and these, as well as their first derivatives 

with respect to x, are already continuous at sc == 0. No tt^rm from the particular 
integral is then needed, and the contribution to the curi'ent vanishes. 

Tliis result will be modified by taking into account the neglected term 
27 rv/c, but the resulting current will still be very small in comparison with that 
given by the term 

3.34. In the region > 0 the whole wave function is noAv 

+ X* ^ e-""! + e‘V+<V, (26) 

t There is nothing to prevent us from adding on further parts of the complementary 
functions, with different y- and z-fiictors. These, however, must satisfy the conditions at 
z separately, whence it is seen that the current due to them must be continuous iu 
crossing the boundary, and hence everywhere zero, since it is outwards in both regions. 
This argument plainly involves no confusion between group and wave velocities. 


2 I 2 
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omitting terms coming from and which involve the factor exp ( — px). 
The current density can now be calculated from the general expression 




eh I du* * du . 
wr dx "" dxr 


(27) 


where the asterisk denotes the conjugate complex* Evidently, then, the only 
term in (26) giving a non-zero contribution to the current will be the term in 
exp (“ irx)f provided r is real. We thus obtain the results 

j. = ^ I P. if K^+V.^> ixv., ( 28 ) 

j* — 0, if i*® + (iV ^ (AVa- (29) 

The current density thus obtained is due to the initial state given by (9), 
for which the electron density inside the metal has the mean value 


2 I a, 1®. 


(30) 


3.41. Sumntation m&r the Conducting Electrom — According to the electron 
theory of metals, the mean number of electrons in unit volume having momenta 
in the ranges hkj2n to h {k^ + dk^)l2n, etc., is given by the Fermi-Dirac 
distribution function 


2 ^ 31 ^ 
^ 1 -f exp {A* (k/ + V + i.® - (xv)/8rt*»»iT} ’ ' ' 

where k is Boltzmann’s constant, T is the absolute temperature, and 

(iv = (SrAt)*, (32) 

« being the number of conducting electrons in imit volume. We now equate 
the two expressions (30) and (31) for the electron density of the state con- 
sidered, and substitute the resulting value of | a* |® in (28) or (29) to obtain 
the current due to the electrons in the metal with momenta in the above 
ranges. The result is then integrated over all possible momenta to obtain the 
total photoelectric current density, 

J = ^ f f f dk^k^k, ,oo\ 

* 27 ir<w‘^o®v® J J J 1 + exp (A® (/fc,® -f k^* + k* — jA v )/87r*mjW?J ' (} -|- r )®’ ' ' 

4 

This is to be integrated over all states for which r is real, that is 


+ |iV > (AV,. 
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3 . 42 , For all ordinary temperatures, the emission will be given with sufficient 
accuracy, except in the immediate neighbourhood of the threshold, by taking 
T to be zero in ( 33 ). The exponential is then to be replaced by zero or infinity 
according as + kf + — [av is negative or positive. The symbols 

and k^ then disappear from the integrand, and the integrations with respect 
to these variables can bo carried out by introducing plane polar co-ordinates. 


dk^ dk^ = p dp d<f>i 


(34) 


and integrating between the limits 0 to 27c, for and 0 to ([xv — for p. 
We thus obtain, using (18) and (19), 


JI. Jfc/ ( |XV — K*) fe* + (v — Vfl)}* 

Jo, * l(A:/ + (tv)4 f {k/ + (x (v ~ vj}»? ’ 


(36) 


the lower limit being 0, if v > v^, and {fx (v^ — v)}^ if v < v^. 


Cdlcidatim by Varidtion of Comlants 

4.1. In the calculation to be given now it is assumed that the light is turned 
on at an arbitrary time, conveniently t = 0, and the change in the wave function 
at a later time t is determined. Starting from equation (12), we seek to obtain 
a complete space-time description of events by expanding t? in a series of solu- 
tions of the unperturbed problem, whereas previously Uj^ + v vras regarded as 
representing a stationary state of the whole system. It is shown here that in 
the limit as t tends to infinity, the value of v calculated by the method of 
variation of constants tends into agreement with the value obtained by the 
stationary method. 

We commence by determining the free states for the unperturbed problem. 
As regards their x-factors, these are not now completely determined, but we 
can conveniently separate them into two sets, representing outgoing and in- 
going waves outside the metal. The expansion can then be made in terms of 
these. Alternatively, we may determine suitable linear combinations of 
outgoing and ingoing waves of the same energy, so that the usual normalization 
and orthogonality conditions are satisfied. The two methods are precisely 
equivalent, but the former seems clearer, and will be adopted here, 

4.2. The Free Staten — ^We proceed to solve equation (4) for 


E,>0. 


(36) 
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To avoid confusion we write a suffix / in place of the previous k. 
quantities g, g^, g„ such that 

^(E,+ h^J=g^ + g,^ + g,^, 

and denoting by/ the positive value of the expression 

the outgoing waves are given by 

a; < 0 1 

(J//- ' V, a: > 0 J ’ 

and the inward moving waves by 

4/,“ = + e*'®) cV • ’<'**, a: < O’! 

<{/,-= I x>0}’ 

where 

1 + «/ = ^/1 

9(1 -a,) =/hJ’ 


Introducing 


(37) 


(38) 


(39) 


(40) 


(41) 


and Uf~ will be used to denote exp (imEftJh) and exp (2mEftlh) 
respectively. 

4.31. Determination of Ike Expansion — "We seek to solve (12) by asstuning 
for V an expansion of the formf 


V = (* dSf, [ dg, ["((/'C/ {t)Uf+ + f dgA* dg, f”d/C,- (<) «/". 

J — 00 J —oc Jo J-^co • — oo Jo 

(42) 

Inserting this expansion in (12), and assmuing the validity of inverting the 
order of integrating and operating by 



hd^ 
2ni dt 



(43) 


it is found that the right-hand side is an expansion like (42), but with C, (0 
replaced by dCfjdt. We then multiply both sides by whore a denotes 

t We omit the port of the expansion due to the bound states, which must also be inserted* 
It can easily be verified, however, that this gives the term in exp ( — px) obtained in (26), 
and this makes no contribution to the current. 
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-f or and integrate over all space, inverting the order of the space and 
momentum integrations to obtain the result 


— — 1 rfr (A, grad UiJ) W/-**. (44) 

nw J 


The orthogonality relations subsisting between the free states (39) and (40) 
can be written in the form 




- j drUf^Uf^ * 
I dru/^Uf 


- N/^> S if^f) 8 (g, -- 9\) 8 (g, ^ g\) 1 

(45) 

^K^^8{f^f}8{g,^g\)8(g,-^9',) 


where and N/*^ are to be determined, and S (/ — f) denotes the Dirac 
S“function. Inserting these values in (44), and replacing oc by + and — in 
turn, we obtain the simultaneous equations 


+ N/*> == ±. ( dT (A, grad m*) «,+* 

dt dt 'tm J 

N/*' ^.2^+ N,<^' - -1 f dx (A. grad «,) «,“* 

dt dt me J 


(46) 


Eliminating (ZC/~ (t)/dt, and performing the timedntegration, assuming that 
at time t ^ 0, when the light is turned on, the electron is in the state ky we 
obtain the result 

where 

<* I • 1/)* = J * <“• 8^1 « W’+,** - N,® +,-) 

X exp 27riv (a: co8 6 + y sin 6)/c. (48) 

Here, as iu the stationary method, we have omitted a further term which has 
the time-factor exp 2Tri (Eit — E, — hv)(/h, and which corresponds to stimu- 
lated emission. 

Neglecting the exponential term exp 27riv (as cos 6 -f y sin 6)/c, we see that 
{k 1 a ]/)■'■ will involve the factors 8 (t, — y,) 8 (A:, — y,). We shall then 
write 

(A 1 a |/)+ = (A 1 a I /)„+ 8 {k, - y,) 8 {k, - y.). (49) 

4.32. We now insert (47) iu (42), and carry out the resulting integrations 
to obtain the value of v. In virtue of (49), the integrations with respect to 
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and can be carried out at once, leading to the result for v, outside the 
metal, 


V 


— f “ fif ~ by) tlh) — 1 

Jo (Ej. -f Av — E^)/A 

I f” jf exp {2m (E^. -f Av — E,) tjh) ~ 1 

Jo 2to(E, + Av-E^)/A 


(*|al/)o^6/ 


+ g2fr<K^/A 


(A;|a| /)o“6/ 

(50) 


where (ifc j a |/)o“ is the corresponding matrix element to (A | a )/)o'^, in 
the expression for 0/“ (t). 

In both th(^ integrals occurring in (60), we may suppose x and t to be great. 
The factors occurring can then be split up into those varying quickly or slowly 
with/. The entire contribution to both integrals will come from the immediate 
neighbourhood of the resonance value given by 


E, = E,+ Av. 


(51) 


We can then give the slowly varying factors their values at the resonange point, 
and put them outside the sign of integration. Denoting by r the value of / 
at this point, we have 

t) b , r )/ 'F + 6*"* {fela] r )o“ (62) 


whore 1 -e^27CT(E,-E,)(/A ((,_,)* 

Jo 2m (Ef - Er)lh 

'E' — P iff ^ ~ — Ef) t/k Hf-T)!r. 

Jo 27ri(E,-E,)/h 

Making the substitution 


(53) 


(64) 


and taking y] between tlio limits ± oo , on account of the greatness of t, we can 
reduce *F and W to the forms 


h f dY) / . X 

T=_.-— -JUcos-Yi — 
^TT AV J_„ Y) I t ‘ 


tcos 


iL _.| 

27tm t) ^ 


h 4 Tt®m f“ dY) f. X . / hr , x\ 

^~.T‘~nr\ (tcos -Y) — toos b- >) 

27 : A*r J_* Y) I t \27w» t/ ^ 


, ( 56 ) 
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whence we deduce that for positive x and t 
4Tc:®m X ^ hr 


T 


hr 


T-O, 


X 

r 

X . 

t 


2Tm 

hr 

Irm 


Y . 


(56) 


T' — 0, for all values of xjt 

Hence, making t infinite, we find that outside the metal v has the form 
ijAn 


hr 


■ hr (* I a I r)o^ 


(57) 


4.4. We must now evaluate (Aj | a j r)^**’ to show that the results obtained 
by both methods are the same. In the first place we remark that and 
defined in (45), will contain factors due to the x-, y-, and ^-integrations 
separately. If, then, in (48) we neglect exp 27civ (xcos 0 + y sin 6)/c it will 
be seen t!iat the factors in and due to the y- and ^-integrations will 
disappear from the result, and we need calculate only the factor due to the 
x-integration. From (4) we separate out an equation for the x-factor of the 
wave function. Writing down the resulting equations for the x-factors Xf 
and of two wave functions and multiplying by and Xf respec- 
tively, and subtracting, we deduce 

(?* - </'*) = (/* -/'*) x,x,.* - ^X,.* - ^ X,. (68) 


Integrating with respect to x between the limits d: R? where li is very large 
and positive, and remembering that X and dXjdx are continuous at x = 0, 


f* dxX,Xf.* = - Xf* - X,) 

J_B ' ' f^—f'*\dx ^ dx V»-« 


1 jdX, 


y'* \ dx 


X/ 


dXf* 

dx 


X,) . (59) 




In (69) we insert explicit expressions for X, and Xf*, and then integrate 
the resulting equation with respect to/' over a range including/' = /. Since 
/'* = q'» — [AVg, we have /' df == g’ dg'. Then we set R (/'—/)= >) and 
R (5* — i?) — ^ in the first and second terms of (59) respectively, and take y) 
and C between the limits ± oo , on account of the greatness of R. As we see 
from (46), the integral with respect to/' of the left-hand side of (69) will be 
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equal to either or N/**, depending upon the particular X, and chosen, 
and hence we find after some reduction, using (41), the results 


N <i) - ] 

- f 

J' 


( 60 ) 


Substitution of (60) into (48) then gives 
-a, ^ng 


with an obvious notation. That the terms in and go out is evident from 
the fact that the bound states are orthogonal to all the free states. Replacing 
by the x-factors of (9), (39), and (40), the integrations in (61) can be 
easily carried out, using a convergence factor exp th: for the range x < 0, 
and finally, replacing / by r, we obtain the result 


Evidently then 


(Z: I a I r)„+ = 


JL JL. 

rm 27tg 


• «» K V 


(62) 


4n% 

hr 


^ I a I 


he 






(63) 


and the two methods of calculation are in agreement, as we see by comparing 
(57) and (26). 

4.5. Comparison with ike ResuU of Tamm and Schubin — Tamm and Schubin, 
using the method of variation of constants, obtain a result differing from our 
fonuula (35) by having an extra factor 


^(V , + p) (04) 

[(V+ !xv)*+{V+l^(v-vJ}*? ^ ^ 

in the integrand. Their calculation differs from ours in the following respoctf : 
in place of the full expansion (42), they omit the second integral over the 
inward-moving waves, and then determine C,+ by the usual argument, as given 
in Section 4.31, leading to the result 

(A I a I/) + = I T (a, grad (J^») 4'/ exp 2m\ {x cos 6 + ^ sin 6)/c, (66) 


t For details of the calculation see BJochinzev, * Phys. Z. Sow jet Union,’ vol, 1, p. 781 
(1931), 
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where 

C/+ and (fc|a|/)+ are connected by (47). 


Since the incoming waves actually make no contribution to the current, this 
would be correct if the ingoing and outgoing wave functions of the same energy 
wore orthogoiial ; that is, if were zero. Since, however, this is not so, 
is given by (48) rather than by (66), and since the final results are different 
it is evident that the result deduced from (65) must be wrong. 


Discussion 


5.1. Interpretation of the Results — ^It is interesting to investigate in some 
detail the expression (33) for the current. If we suppose the incident light 
wave, whose vector potential A is given by (13), is polarized with the eleotrio 
vector in the plane of incidence, so that 

a = I a I (— sin 6, cos 6, 0), (66) 

then the rate at which light energy is incident upon the surface will be 

27CV* cos 6 1 ^ j 2 _ 27cv^ cos 6 . 
c c sin® 6 


Dividing the expression (83) by (67) we obtain the emission per unit incident 
energy, P^j, which can be written 


e® Vfl sin® 0 f I f ^2 dk^ dky dk^ 

47r®w®c cos 6 J j J Stc® 1 + exp A® 4" ky^ + A,® — (jLv)/87r®wAT 

y 1 V 4 (V + M-v)* (V + ti(v — V.)}* 

V* ■ (V+ + (iV)* + {V + (A (v — Va)}^]* ’ 


where the integrations are to extend over all electrons in the metal whose 
normal velocities are sufficient to enable them to escape, after absorbing a 
quantum. 

The integrand of (68) can be split into three factors, the Fermi-Dirac dis- 
tribution function 

2 dkgi^kydkg //.qv 

Sk® 1 + exp A® (A*® + A,® + A,® (xV)/87r®mAT ’ ^ ' 


the boundary transmission coefficient for the simple potential step 


4 (kj + ixv)^ {K* + (X (v — Va))* 

[(*,* + piv)* + {k/ + |JL (V - vj}*]* ’ 


( 70 ) 
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and a residual factor 


i 

V* ‘ + [xv)^ ' 


which, in the factor v"*, is reminiscent of the excitation probability for the 
atomic photoelectric effect. On purely a priori grounds, we should have 
expected the factor (69), an inverse power of v, as in (71), and perhaps the 
boundary transmission coefficient; the modifications of these factors could 
hardly have been foreseen. 

5.21. Effect of Refraction and Reflection of the Light — The result (68) suffers 
from the same failing as that pointed out in the theory of Sommerfeld andBethe, 
that itmakes the emission per unit incident energy infinite for grazing incidence. 
This disadvantage can be removed by taking into account the effect of refraction 
and reflection of the incident light, when we may hope to obtain a more correct 
dependence upon the angle of incidence. This same modification will also 
increase the order of magnitude of the results in about the ratio (Eg, + E^f')* : Ea,®, 
where Ea,, E^.' refer to the incident and reflected beams, the effect of this being 
much the same as that of the extra factor (64) occurring in Tamm and Schubin's 
result. We may then expect this modification to give improved results in 
these two resjKicts, 

An exact theory can be given, assuming that the surface of the metal behaves 
as a simple discontinuity towards the light wave, and the calculations being 
made in the simple manner presented in Section 3. We use symbols a^, a,., 
a^ to denote th(J vector potentials of the incident, reflected, and transmitted 
beams respectively (when multiplied by the appropriate exponential factors), 
and obtain in place of (24) the equations 

c, _ (1 _.a,)= K- ^ ) 

(AV |XV a,, 

^ , (72) 

iqc^ - ^ (1 + «*) = — irb^ + ^ 

(XV Hv 

giving the result 

b = ( V -ipq) + P {p + iq) (a<, + l / 73 X 

* t|xv(? + r) *’ ' ' 


where we have taken for X*, in place of (17), the value 
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We then obtain the result 




e® 1 a, 


ito 






. I fe^ - ^H)...±y .l y .±5H«<g-±jgr ^ jH«.. 




(75) 


which reduces to (35) for a^as = ^tx ^nt = The contributions to 

the current due to the and z-components of vector potential again vanish, 
on account of the continuity relations 


+ ^rn ^fz J 


(76) 


which are established below. 

a,, and a* can be calculated in terms of and the optical constants n and k 
of the metal, by the classical electromagnetic theory. Only the case where 
the electric vector vibrates in the plane of incidence need be considered. Using 
the conditions that the tangential components of the electric and magnetic 
intensities are continuous at the surface, we find the vector potentials must be 
given by the real parts of the expressions 


cot 0, 0) exp 27civ {x cos 6 + y sin 6 + ct)lc 
cot 0, 0) exp 27tiv (— a? cos 0 + y sin 6 -f- 

A, === ( - 0 ) exp 27riv {{n — i^) x + y sin 0 + ct}lc 

where 

Uyg sin^ 0 + (n — ^ {n -- if<)jcoB 6 

a^^ sin'-* 0 + (n — tW)® + (n — tfcl/cos 0 

2 

sin® 6 + (n — w<)® + (n — iif)/cos 0 


(77) 


(78) 


It can be easily verified that the first of equations (76) holds, and the second 
follows from the continuity of E, when the incident light is polarized in the 
plane of incidence. 

From equations (78) it is found that the rate at which energy is incident upon 
the sur&oe is 


. {(«» + K* + sin* 6)* cos® 6 + 2» cos 6 (n* + k® + sin* 0) 

2 c COB 0 sin* 0 

4-n* + *c*co8*26}, (79) 
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and the rate at which energy is absorbed is 

. I /c® + sin® 6) cos 0. 

2c cos 6 sin® 6 

We also find 

gin® 0 -j- (« — i/c)®, 

^lae 


( 80 ) 

(81) 


Dividing (75) by (79) or (80) we obtain expressions for the emission referred 
to unit incident or absorbed energy. It is evident that these expressions 
will remain finite for all angles of incidence, as of course they must. 

The final result is most conveniently expressed in terms of certain reduced 
variables. We use the notation 


V, ==* --- V 

k/ = {xv^X® 

V 


(82) 


and convert the emission per unit incident energy into coulombs per calorie 
by multiplying by 1*395.10“®. Giving all the absolute constants their 
appropriate numerical values, the result is 


sin® 6 cos 0 [{(n® + k®)® — 2 (n® — k®) cos® 0 + cos* 0} (tq) 

+ {2 (n® ^ K® cos® 0) + 1} Cg (ri) + (>)) +C (>))] 

Vp {(/i® + 'c® + eiri^ 0)^ cos® 0 + 2n cos 0 (n® + 8) 

_ 4- n® + cos® 20} 


where 


and 

Ci(^) 


0 ^ . 1 .395 . 10“® 7*537 . 10J3, (83a) 

1+^4-^ r*‘ rfX («-X») (l+e-x») (X«+>i-l-e)< .... 
(1+e) n* J 0, (1 , . - ,)4 ’ {(X* -f- y,)* + (X« + V) - 1 - t)if ’ ' ' 


^2 (fl) = 


l + e 




( 85 ) 


1 + e + 7) 

UX=> + >3)‘ + (x4vi-l-e)*}* ’ 

7i‘ )o, (1 . . - ,)4 ^ • {(X* + yi)i + (X* + 7j - 1 - «)!}* • 
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Equation (83) gives the emission per unit incident energy, in coulombs 
per calorie, in terms of the optical constants and angle of incidence, the threshold 
frequency, and the dimensionless integrals (7)). 

5.22. The above method of taking into account the efEect of refraction and 
reflection needs a certain amount of justification. The objection of Tamm and 
Schubin, that the absorption of light by the metal is in part due to photo- 
electric processes, is seen to be unimportant when it is remembered that the 
photoelectric emission of a metal is rarely as great as one electron per 200 
quanta, and is generally very much hiss. Undoubtedly our ideal must be a 
single theory yielding results for the optical constants and for the photo- 
electric emission at the same time, but as this is unattainable at present, we 
must content ourselves with the theory presented above. Wc can always 
conceive of the optical constants being cahjulated without reference to the 
emission from the surface, and can suppose the values thus obtained to be 
inserttid above. 

Another objection is, however, certainly valid. The abrupt transition at 
the surface is only an approxinration, and in reality there will be a gradual 
change in the constants of the light wave over a region of the order of the 
wave-length of the incident light. This is large compared to the wave-length 
of the electrons in the metal, hence also to the region from which the main parts 
of the matrix elements come. We might then expcMit to obtain a closer 
approximation to the true state of aflairs by averaging over the position of 
the surface of discontinuity for the light. We will avoid this further com- 
plication for the present. 

5.3. The Spectral DistribiUion Curve — ^We will content ourselves, in the 
present paper, with an examination of the form of the spectral distribution 
curve given by (83). Since the integrals (tq) involve the quantity e = v /v^, 
which depends upon the metal chosen, it is essential to make the calculations 
for a particular metal. 

Our choice must evidently fall upon an alkali metal, in spite of the uncertain 
knowledge as to their thresholds, and the conflicting experimental results 
for them. The reason for this is that the tliresholds of the heavier metals 
lie in the ultra-violet, and their properties have beeu investigated only over a 
frequency range too small to be of interest. With the alkalis, however, the 
thresholds lie in the visible part of the spectrum, and spectral distribution 
curves have been obtained over quite wide frequency ranges. 

We use the values of v obtained from formula (32), assuming that there is 
one free electron per atom, and use the experimental values of the threshold 
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frequency. As, however, the latter are not accurately known, we have evaluated 
the integrals (t]) on the assumption (which is probably nearly true for the 
alkali metals) that v and are equal, and their values are shown in fig. 1 
as functions of t] = v/v^. 

It will be observed that the forms of these curves, and in particular the 
positions of their maxima, are rather different, and that accordingly the form 
of the resulting spectral distribution curve cannot bo deduced without taking 
a particular metal. Potassium is suitable. Suhrmann and Thoissingf have 
r<;ported a value of 4-84 . 10’^ for the threshold frequency for this metal, and 
this lies sufficiently close to the calculated value of v , namely 4*96. 10^*, for the 
assumption that v and Vj, are equal to be reasonably accurate. Taking the near 
value Vp 5 . 10^^, assuming for the angle of incidence 8 the value and 
ushig for the optical constants the measured values:]; for v — 5 • 1 . 10^^, 

71 -=:^0d)68 

K -=1*5 

the emission per unit incident energy has been calculated, and is given in fig, 2 
as a function of frequency. The curve given by Suhrnaann and Theissing is 
also shown in fig. 2 for purposes of comparison. 

In the first place, we may remark that the order of magnitude is reasonably 
correct, for not too great frequencies. In this connection, however, it must be 
remarked that Suhrmann and Theissing fail to state the angle of incidence 
or the state of polarization of the light. The dependence upon the former of 
our result (83) is, however, rather insensitive in the neighbourhood of 6 == 60^, 
and values in this neighbourhood are usual in experimental work since they 
give the greatest emission. 

The form of the theoretical curve, on the other hand, is in not too good 
agreement with experimental results. The general trend is correct, but the 
curve is too flat, and its maximum occurs at higher frequencies than observed 
maxima. These features could, however, be altered by variations in the 
optical constants, and hence the form of the curve cannot be taken as con- 
clusive until more is known of these quantities. The form of the curve, in 
particular the position of the maximum, depends also upon the value of v, 
which in its turn depends upon the binding of the conducting electrons. The 
effect of this can be considered formally as causing an increase in the effective 

t ‘ Z, Physik.,’ vol. 62, p. 463 (1928-29). 

X ‘ lut, Critioal Tables,* vol. 6, p. 249. 
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mass of the electrons, causing v to decrease, and shifting the maximum towards 
the threshold. This and other points will be discussed in a subsequent paper. 

The author wishes to thank Professor R. H. Fowler, F.R.S., and Mr. A. H. 
Wilson for their constant interest and for many illuminating discussions ; 
as well as the Master and Fellows of Peterhouse, and the Goldsmiths* Company, 
for studentships dxiring the tenure of which the work was carried out. 

Summary 

6, The theoretical position of the surface photoelectric efiect in metals is 
discussed, and objections are raised against the theories of Wentzel and 
Frohlich. 

The photoelectric emission due to a single surface is calculated by two 
methods, and the results obtained are in agreement. Tamm and Schubin, 
using the same assumptions, obtained a different result, which is shown to be 
incorrect. 

The results of a more general calculation of the effect due to a single surface, 
taking into account the effect of reflection and refraction of the light wave, 
are quoted, and the theoretical spectral distribution curves given for potassium, 
and compared with experiment. 



465 


The Resistance of Liquid Metals 

By N. F. Mott, the H. H. Wills Physical Laboratory, University of Bristol 
(Communicated by R. H. Fowler, F.R.S. — Received March 28, 1934) 

The electrical resistance of most normal metals in the liqiiid state just 
above the melting point is about twice as great as that of the solid metal just 
below the melting point. Certain abnormal metals, however, such as bismuth, 
gallium and antimony, which are rather poor conductors in the solid state, 
increase their conductivity on melting. The purpose of this paper is to discuss 
this change of resistance from the point of view of the modern theory of 
electronic conduction which is based on the wave mechanics, and to obtain a 
fonnula for the change of resistance which is in quantitative agreemeiit with 
experiment for nonnal metals. No quantitative theory can as yet be given for 
the abnormal metals, but we shall show that their behaviour is explicable in 
a qualitative way. 

In a solid the atoms vibrate about mean positions which are fixed in the solids 
in a liquid at temperatures near the melting point, it is now generally recognized 
that the atoms vibrate about mean positions which, though not fixed, move 
slowly compared with the velocity, of order of magnitude \/(fcT/M), with which 
the atoms vibrate. The most direct evidence for this is afforded by the specific 
heats of monatomic metals, which have, witiiin the limits of eicperimental 
error ( 7%), the same values (in the neighbourhood of 3R) for a given metal 
in the solid and liquid states near the melting point.* Further evidence is 
given by the rates of diffusion of gold in mercuryf (0*72 sq cm/day) or of 
thorium B (Pb) in non'radioactive liquid leadj (2*2 sq cm/day). If one 
ijompares these numbers with the formula for the diffusion coefficient in gases, 




where I is the mean free path, and c the mean molecular velocity, one finds, 
on setting c equal to a quantity of the order of magnitude of \/(A:T/M), that I 
must be taken to be about one-hundredth of the interatomic distance. 

♦ Eufcen, ' Handb. exp, Physik,’ voL 6/1, p. 333 (1929). 
t Of, Landolt-Bdmatoin'B * Tables,’ 5th ed., vol. I, p, 249. 

X Oroh and von Hevesy, ‘ Ann. Physik,’ vol. 63, p. 85 (1920). 
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A theory of the viscosity of liquids has recently been given by Andrade,* 
based on the same hy2)othe8is. 

In discussing the phenomenon of melting, therefore, and the accompanying 
change of resistance, we shall treat the atoms of the liquid as though they 
were vibrating about mean positions which remain fixed. We shall also suppose 
that each atom vibrates with a definite .frequency vx^, which is the same for 
each atom, although it is probable that in a real liquid the frequencies will 
not all be exactly the same. We shall denote by the frequency with which 
the atoms vibrate in the solid, so that 


©s — 

is the characteristic temperature of the solid, if Einstein's rather than Debye's 
formula for the specific heats is used. 

We shall denote by U the work required to remove an atom at rest in the 
solid to a position of equilibrium in the liquid. If the temperature of melting 
Tji is such that A;Tm 'P* Avg, then for both solid and liquid the mean energy of 
vibration is 3 /kTM per atom, so that U is equal to the latent heat of fusion, 
expressed in ergs per atom. 

At the temperature Tm at which the liquid and solid are in equilibrium at 
zero pressure, the free energy F is a minimum. Thus, if one atom is transferred 
from the liqtiid to the solid, the change in the free energy must vanish. It is 
a well-known result of statistical mechanics that, for a body consisting of N 
atoms, 

F-N(-JfcTlogf+E), 

where /is the partition function of each atom, and B the energy of an atom at 
rest in its position of equilibrium. Thus, if Ng atoms are in the solid phase and 
Ni in the liquid, the free energy is 

Ns (- *T log/s) + Ni. (- kT logA + U). 

where are the partition functions of atoms in the solid and liquid respec- 
tively. At the melting point, T = T^, this must bo a minimum for any change 
in Ng and Nj,, subject to the condition that Ng Ni, must remain constant. 
We obtain 

kTit log/g = kTti log/i, — U, 

whence 

— I 

fa 


* ‘ Phil. Mag.,* vol. 17, p. 698 (1984). 
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Since, for a simple harmonic oscillator at temperatures such that fcT > fcv, / 
is proportional to (A:T/v)*, we have* 

( 1 ) 

Vs 

Vl _ g->40(L/TM)^ 

Vs 

if L is the latent heat in kilojulesf per gram atom and the melting point in 
degrees K. 

According to the theory of metallic conduction developed^ by Bloch and 
others, electrons can pass freely through a perfect crystal lattice, which con- 
sequently has infinite conductivity. Kesistance is due to irregularities in the 
lattice, which may be due to the heat motion of the atoms, or to the presence 
of impurities or foreign atoms in solid solution. The theory shows that the 
resistance due to heat motion is proportional to the square of the distance 
through which the atoms vibrate ; at temperature T, this distance x is given 
by 

(//M-47tV) 

fx being the restoring force ; hence, § if a is the conductivity, 

l/(j « a:* « T/Mv* 

«**T/M@*, (2) 

where M is the mass of an atom. 

The conductivity also depends on the extent to which the electrons may be 
considered “ free,” i.e., to the ease with which they move from atom to atom 
under the influence of an electric field. Bethe|| gives the following formula 
for the conductivity : 

° rr* w\C dK/ hVia^ T ' ^ ' 

*Of. Ratnowsky, 'Verh. deuta, phya, Ges.,* vol. 16, p. 1033 (1914), who obtairw the 
same formula. Ratnowaky calculates v^/vg for various metals ; his experimental values 
for L, however, are not the same as those used hero, 
t A kilojoule is 10^® ergs. 
t ‘ Z. Physik,’ vol, 69, p. 208 (1930). 

§ A formula of this type was proposed by Wien (‘ SitzBer, Preuss, Akad. Wise,’ p. 184 
(1913) ) before the application of quantum mechanics ; Gruneisen, ‘ Verb, deuts. phys. 
Qes.,* vol, 16, p. 194 (1913); Bridgeman (‘ Phys. Rev.,* vol. 9, p. 269 (1917), and Beckman 
(* Phys, Z,,’ vol. 16, p. 69 (1917) ) have shown that the change of conductivity under pressure 
da/dp can be explained for many (but not all) metals, by taking for dO/dp a value deduced 
from the oompreasibility and thermal expansion coefficient. 

II ‘ Handb. Physik,’ vol. 24/H, p. 607 (1933). 
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Here «(, denotes the number of free electrons per atom ; M, m are the masses of 
a vibrating atom and of an electron respectively, and ap is the radius of the 
first Bohr orbit. K denotes the wave number of an electron at the top of the 
Fermi distribution, and E the kinetic energy of such an electron. C is a con- 
stant depending on the interaction between the metallic ion and a free electron, 
and is a property of the ion rather than of the crystal structure. 

We must now ask which of the properties of (3) may be expected to alter 
when the metal melts. K depends only on the specific volunie, and so will 
not alter appriiciably. dE/dK, on the other hand, depends on the structure, 
and will alter considerably on melting, if the arrangement of the atoms relative 
to each other alters. However, for good conductors, and especially for mono- 
valent conductors, E and K are likely to have values approximating to the 
values for free electrons, namely 

E — K = inmvjk ; 

so that E = h^K^jSnhn, and 
<iE 

K ^ = 2E = twice the maximum energy of the Fermi distribution. 

Since the energy of the Fermi distribution depends only on the volume, we 
should not expect any great change on melting. 

For strongly diamagnetic metals, such as bismuth, it is well known* that 
the diamagnetism and low conductivity are related to an abnormally small 
value of dEjdK. Since the diamagnetism disappears on melting, we should 
expect an increase of dEjdK. 

We therefore suggest the hypothesist that in normal metals the change of 
resistance on melting is due mainly to the change in v, or 0, discussed above. 
We should therefore expect that 

^ _ g ~ 80 L/Tu 

where L is the latent heat, in kilojoules per gram atom. Table I shows the 
extent to which this hypothesis is in agreement with experiment. The values 

♦ PoierlB, ‘ Z. Phyaik,’ voL 80. p. 763 (1933). 

t Simon. * Z. Physik/ vol, 27, p. 167 {1924}. has suggested that the change of leilstance 
i* proportional to v^/vs, and has remarked that the observed change of reeiatanoe is of 
the same order of magnitude as the change in /v^ deduced by Ratnowdey (foe. oft.). 
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of Tm and L are taken from the International Critical Tables, t the values of 
ffe/ai, from Grilneisen.J 


Table I — 

are the conductivities of the liquid and solid respectively ; 

L is the latent heat 
point. 

in kilojoules per gram atom, and 

the melting 

Element 

h 

Tm (degrees K ) 

e 

(- 

\ffLycalc. 

r-) 

obs. 

Li 

3' j 

469 

m 

1-84 

1-68 

Na 

2*65 

370-5 

200 

1-77 

1-45 

K 

2-3, 

3.36 -3 

126 

1-76 

1-56 

Bb 

2U 

3JI-5 

86 

i-76 

1-61 

Cs 

2 -, 

299 

68 

1-75 

1*66 

Cu 


1356 

310 

1-97 

2*07 

Ag 

U 

1233-6 

216 

2-0 

1-9 

An 

13-3 

1336 

175 

2-22 

2*28 

Al 

8-0 

933 

400 

2 0 

1-64 

Cd 

9* 

593-9 

168 

2-3 

2 0 

Pb 

4*70 

600-5 


1-87 

2-07 

Sn 

(7)* 

504*8 

— 


2-1 

T 1 

fi-u 

580-5 

96 

2-3 

2-0 

Zn 

7’1 

692-4 

235 

2-3 

2-09 

Hg 

2-33 

234 

97 

2-23 

3-2-4-9 

Bi 

10-9 

644 

— 

5-0 

0-43 

Gtt 

5*55 

302-7 

— 

4-6 

0-68 

8b 

19-5 

903-6 

-- 

6-0 

0-67 

Be 

11-2 

1808 

— 

1-65 

— 

Ni 

181, 

1726 


2-34 

— . 

Pt 

22 

2028 

♦ L not knovm acjcurately. 

2-40 



Table I shows also the Debye temperature 0 of some of the metals. For 
Li, Na, K and AI the assumption upon which the calculation is based, namely 
Tm 5*" 0. is hardly justified. It would therefore bo more correct to use, instead 


of ( 1 ) 


W-1 


( 1 . 1 ) 


This formula gives rather smaller values of vg/v^ than those shown in Table 
L Assuming as before that Og/cTi, = (vs/vl)^, one obtains the following 


Og/ffi, calc, from ( 1 ) . , 

Li 

1-84 

Na 

1-77 

K 

1-75 

Al 

2-0 

ajaj, calc, from ( 1 . 1 ) 

1-60 

1«58 

1-67 

1-8 

ea/ffjt, observed 

(1-57) 

1-68 

1-45 

1*66 

1*64 


t Approximately the same figures are given by Euken, ‘ Handb. exp. Physik,’ vol. 8/b 
p. 592 (1929). 

{ * Handb. exp. PhyBifc,’ vol. 13, pp. 28, 29 (1928) ; cf, L«widolt-B5mstein, vol, 2, p. 1052. 
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The agreement with experiment is improved. On the other hand, a small 
correction must be applied in the other direction to take account of the foot 
that the law, a oc ©VT, dejxmds also on the assumption that T > 0. How- 
ever, according to the formulae of Bloch, which are in agreement with experi- 
ment* as regards the temperature variation of resistance of copper and gold 
in the region T — 0, this correctionf is only about 1% when T 20 and 6% 
when T 0. For lithium tliis correction is appreciable, and the corrected 
value is shown in brackets above. 

For the monovalent metals, considering the considerable experimental 
uncertainties in the measurement of the latent heats and of the agree- 

ment is good, and is fair for some of the other metals. For bismuth, gallium 
and antimony, Os < and we must conclude that the efEective number of 
free electrons, (dE/dK)*, increases by a factor of about 10 when the metal 
melts. 

Of the metals for which Og/cL has been measured, mercury is the only one 
in which the increase of resistance on melting is considerably greater than that 
predicted by the theory, so that we must conclude that dE/dK is smaller in 
the liquid than in the solid state. This view is supported by the fact that the 
admixture of a small quantity of Au, Cd, 8a, Pb or Bi increases the con- 
ductivity, whereas in most other liquid metals, as in solids, the resistance is 
raised by the presence of foreign atoms. 

The agreement obtained between theory and experiment for the normal 
metals is rather surprising, since it shows that the extra resistance in the 
liquid is due to the greater amplitude of the atomic oscillations, and not, to 
any large extent, to the irregularity of the arrangement of the atoms, as con- 
trasted with their regular arrangement in the crystalline solid. From this we 
must, I think, conclude that, in a region large compared with the electron's 
wave-length the interatomic distance) the atoms of the liquid are arranged 
in a regular way, as in a crystal ; and also that these small crystals are not 
separated by sharp surfaces, as are the crystallites of a polycrystalline metal, 
but merge gently into one another. Any gradual change of crystalline phase 
would not have the efEect of scattering the electron waves as they travel 
through the liquid. This view is strengthened by the fact recorded by Nor- 
buryj that the addition of about 1% of Al, Ni, Ag, Sn or other metals to molten 
copper resulted in a rise of resistance, independent of temperature, of about 

♦ Grimeiaen, * Ann. Pfaysifc,* vol. 16, p. 630 (1933). 
t cf, Bethe, ^oc. cit p. 632, 
t ‘ Froo. Faraday Soo.,* vol. 16, p. 681, fig. 6 (1920). 
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the same amount as for solid copper. Thus it appears that foreign atoms have 
the same scattering power in the solid and liquid states, showing that the dis- 
order in a liquid is not so great that it cannot be increased by the pressure of 
foreign atoms. 

The change of electrical resistivity with temperature has been measured for 
very few liquid metals. For the resistivity, p = l/o, just above the melting 
point, Northrup* finds for liquid Cu, Ag, Au, and Bridgeman*^ for Li, Na, K, 


the following values 

Li 

Na 

K 

Cu 

Ag 

Au 

]()8’ 

1-45 

3-2 

3-6 

0-38 

0-7] 

0-46 

P<^T\calc 

2-2 

2-7 

3-0 

0-74 

0-81 

0-76 


On the theory given above, 
and hence, as for a solid 


p = const T, 

lil ^1 

p dT T 


( 4 ) 


The values calculated from (4) at the melting point are shown above. The 
theoretical formula gives at any rate the order of magnitude of the observed 
effect. 

On the other hand, the temperature coefficient of liquid mercury is equal 
to about one quarter of the theoretical value (4), and various investigators* 
have found that the resistance of liquid zinc is almost independent of 
temperature. One can only interpret these facts by assuming that the effective 
number of free electrons increases with T, which is, a priori, quite probable for 
a divalent metal. 

{N<^ added in proof May 15, 1934 — While this paper was in press, a paper 
by Schubin Phys. Z. Sowjet Union,’ vol. 6, p. 83, 1934) has appeared, dealing 
with the same subject. Schubin considers that the extra resistance in liquids 
is due to a process in which the electrons are scattered without loss of energy, 
the configuration of the ions changing at the same time from one state of 
relative equilibrium to another. The probability of such a process is shown to 
be independent of temperature. 

If Sohubin’s explanation of the resistance is correct, the temperature co- 
efficient should be less than that given by (4), as is in fact the case for a great 
many metals. On the other hand, it seems to the author that, except for the 


♦ Referencas in ‘ Handb. Exp. Physik,’ vol. 13, p. 28 (1928). 
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monovalent metals silver and the alkalis, it is rather dangerous to assume that 
the free electron number in a liquid is independent of temperature, since, 
according to the theory of Bloch, when an allowed zone of energies is nearly 
full, the number of electrons which are free to move depends rather sensitively 
on the structure. According to the experimental values given above, however, 
it seems that it is just for the monovalent metals that (4) is approximately 
valid, 

Schubin also considers, in agreement with the present author, that the type 
of disorder which exists in a liquid is unlikely to increase the resistance 
appreciably.] 


Summary 

It is assumed that the atoms in a liquid metal vibrate about slowly varying 
mean positions with a frequency vj, ; the ratio of Vi^ to the atomic frequency 
of the solid is calculated from the observed latent heat and melting point. It is 
shown that the change of resistance on melting can be acooimted for by the 
change in atomic frequency, for normal metals ; and the bearing of this fact 
on theories of liquid structure is discussed. 
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X-ray Analysis of the Crystal Structure of Dibenzyl I — Experi- 

mental and Structure hy Trial 

By J. Monteath Robertson, M.A., PI 1 .D., D.Sc, 

(Communicated by Sir William Bragg, O.M,, F,R.8. — Received May 9, 1934) 

The molecules of those aromatic compounds such as naphthalene, durene, 
and diphenyl which have been examined in detail by the X-ray method are 
all found to possess a planar structure to within the limits of the respective 
expcirimental errors. Dibenzyl, the analysis of which is described below, now 
proves to be an interesting exception to this rule because the molecule is 
found to extend in three dimensions. A planar structure would be quite in 
keeping with the chemical formula, but the X-ray evidence seems to point 
conclusively to an alternative structure in which the benzene rings though 
parallel occupy different planes (see fig. 3) ; those planes being at right angles 
to the plane containing the zig-zag of the connecting CHg groups. 

Crystal Data — Space Group 

Dibenzyl belongs to the monoclinic prismatic class. Good crystals were 
easily obtained from alcohol or ether solution, and the form is a familiar one, 
being very similar to the naphthalene and diphenyl series except that there 
is a somewhat greater tendency for the crystals to elongate along the b axis. 
The (001), (110), and (20l) faces are most frequently developed, particularly 
the former. The axial ratios arc given by Groth* as 

o : 6 : c = 2*0806 : 1 : 1-2522, ^ == 115^ 54'. 

Hengstenberg and Markj have made an X-ray examination and give 

a ^ 12-82, 6 6-18, c == 7-74 A, p 116^ ; density = 1-105, 

the space group being with two molecules in the unit cell. But it 

is hard to reconcile the visual estimates of intensities recorded by these authors 
with the values now measured and given below. It seems possible that their 
indices may have been incorrectly assigned to the various reflections. 

♦ * Chem. Krystallog.; vol. 6, p. 191 (1919). 
t * Z. Krystallog,/ vol. 70, p. 283 (1929). 
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For the purpose of this work the cell dimensions have been remeasured, 

chiefly by means of single crystal rotation photographs, with the following 

results : — ^ * 

a 12-77 ±0*06 A 


6=:::. 6-12 ±0-03 A 
c==: 7-70 ±0-03 A 
p=- 116-0^ ±0-2. 


The (Aol) reflections are halved when h is odd, and the (010) is halved. The 
space group is thus (P2i/a), as recorded above, and the two molecules in 
the unit cell must each possess a centre of symmetry. 


Experimental — MeasMtenmit of Iniemities 

Certain difficulties were encountered in dealing with the crystals of this 
compound with regard to quantitative intensity measurement. When moimted 
in the ordinary way and exposed to the X-ray beam the crystal surfaces 
gradually become white and after some days the whole crystal crumbles away. 
The nature of this change was not ascertained, but it was found that it could 
be greatly diminished by sealing the specimens off in small glass tubes. Specially 
thin Lindemann glass tubes* were used for this purpose, which stopped only 
a small fraction of the X-rays — copper radiation. 

Small crystal specimens (0-1-0 -4 mg) were now rotated while completely 
immersed in the X-ray beam, and the integrated reflections recorded by the 
photographic method. Most of the work was carried out on the new two- 
crystal moving film spectrometerf which had three distinct applications to the 
present work. 

l“By exposing a standard crystal and the crystal imder investigation in 
alternation to the X-ray beam, reflections of known absolute intensity were 
recorded side by side with the dibenzyl reflections on the moving film, thus 
ensuring correct calibration with absolute values, 

2 — The automatic shutters were employed to reduce the intensity of the more 
powerful dibenzyl reflections by a factor of 12 and so make their comparison 
with the weaker reflections more accurate. 

3 — Reflections from two dibenzyl crystals set about different zone axes were 
recorded on the same film to ensure a correct correlation. The various films ^ 
were then carefully measured with Robinson's integrating photometer. 

* For the preparation of these tubes I am much indebted to Mr, H. Smith of this 
laboratory. 

t Desoribad in a later paper in the * Phil. Mag.’ 
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In order to oalonlate the values of the structure factors it was further 
necessary to know the absorption of the crystals and of the glass contamers 
for the X-ray beam. These were measured by exploration with a fine pinhole 
beam of monochromatic rays. The glass containers were found to stop about 
10% of the X-rays, and for the absorption coefiScient of the crystal a value of 
about 5*0 per cm was obtained. This is somewhat less than the calculated 
value of (jL — 5 *7 for X == 1 - 54. A rough correction was now applied to allow 
for the different paths presented by the crystal specimen when oriented for the 
various reflections in the zone, but as care had been taken to cut the specimens 
to a nearly square section (side about 0*4 mm) this correction did not amount 
to much. 

The values of the structure factors were now obtained by the usual formulse 
for the “ imperfect crystal ’* and are given in Table I ixnder the heading “ F 
measured.’* 


Table I — Measured and Calculated Values of the Structure Factor 


hkl 

sin d 

F 

F 

hH 

sin 6 

F 

F 


X ^ 1 -54 

luoasured 

calculated 


X ^ 1*64 

measuTtsd 

calculated 

200 

0 134 

38 

--40 

061 

0*640 

<3 

*-1 

400 

0*268 

7 

-H) 

052 

0*669 

4 

-6 

600 

0*402 

16 

+ 12 

063 

0*713 

<3 

+0 

800 

0*536 

14 

+23 





1000 

0*670 

11 

-22 

206 

0-732 

<3 

+2 

020 

0-252 

10 

+6 

206 

0*624 

<3 

+2 

040 

0*504 

9 

-8 

204 

0*516 

17 

+ 18 

060 

0*756 

<3 

-3 

203 

0*409 

13 

+ 13 

001 

0*110 

20 

+ 16 

202 

0-306 

16 

-14 

002 

0*221 

20 

-10 

201 

0*409 

23 

+ 16 

003 

0-332 

7 

+6 

20 t 

0 133 

13 

+ 16 

004 

0*442 

12 

-13 

2o3 

0*204 

70 

+66 

005 

0*563 

3 

+ 2 

203 

0*300 

0 

+5 

006 

0*664 

<3 

-8 

20 l 

0*404 

11 

+ 16 





203 

0*611 

<2 

-3 

on 

0*168 

69 

+62 

208 

0*619 

6 

-1 

012 

0*256 

18 

-13 

207 

0*728 

<3 

-4 

013 

0*365 

3 

+7 

405 

0*713 

3 

+6 

014 

0*460 

4 

-7 

404 

0*609 

<3 

-6 

015 

0*668 

6 

-2 

403 

0*610 

<3 

+ 3 

016 

0*676 

<3 

0 

403 

0*416 

34 

+30 

021 

0*276 

19 

+ 19 

401 

0*333 

26 

+ 14 

022 

0*336 

6 

0 

40 t 

0*243 

12 

+ 8 

023 

0*418 

3 

0 

402 

0*264 

3 

-.6 

024 

0*510 

3 

0 

403 

0*323 

<2 

+ 1 

025 

0*600 

6 

-8 

40 l 

0*406 

<2 

-12 

026 

0*710 

<3 

+6 

4o8 

0*498 

<2 

-2 

031 

0*304 

16 

+ 11 

408 

0-698 

11 

+ 10 

032 

0*438 

<2 

-1 

4 o 7 

0*700 

<3 

-4 

033 

0*504 

8 

-8 

004 

0*717 

6 

+ 12 

034 

0*683 

<3 

+3 

603 

0*626 

6 

+ 6 

035 

0*670 


-7 

002 

0*638 

2 

+6 

041 

0-516 

6 

-4 

001 

0*462 

2 

+6 

042 

0*660 

<2 

+2 

60 l 

0*370 

11 

+4 

043 

0*606 

6 

-6 

002 

0*366 

18 

-24 

044 

0*672 

<3 


603 

0-396 

4 

-4 
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Table I — (continued) 


hu 

sin 9 

¥ 

F 

hU 

sin $ 

F 

F 


1-64 

measured 

calculated 


A - 1-64 

measured 

calculated 

eoi 


13 

+ H) 

610 

0*369 

16 

410 

608 

0-623 

<3 

^5 

620 

0*420 

6 

-7 

60S 

0*007 

9 

-18 

630 

0*506 

<6 

43 

607 

0*700 

<3 

-3 

640 

0*606 

<6 

-3 

803 

0*746 

<3 

+ 1 

660 

0*714 

<6 

-4 

802 

0*666 

<3 

-3 

610 

0-422 

<6 

44 

801 

0-696 

<3 


620 

0-476 

9 

-11 

80l 

0-500 

6 

+ 1 

030 

0*561 

<6 

41 

802 

0 *485 

<2 


640 

0*646 

<6 

-5 

803 

0-496 

2 

^3 

710 

0*486 

6 

-8 

80j 

0-527 

17 

-23 

720 

0-633 

<5 

■f7 

805 

0-680 

6 

-^6 

730 

0 *602 

<6 

-1 

80S 

0-647 

3 

^1 

740 

0-689 

<6 

44 

807 

0*720 

<3 

-3 

810 

0*560 

5 

49 

1001 

0-728 

<8 

+3 

820 

0*692 

<6 

42 

lOOl 

0*632 

9 

-9 

S30 

0*657 

<6 

46 

1002 

0*610 

12 

4-16 

840 

0-736 

<6 

41 

1005 

0*f)08 

4 

-^..4 

910 

0-617 

<6 

+ 7 

1004 

0-626 

<3 

44 

920 

0-653 

9 

46 

1005 

0-669 

<3 


930 

0-711 

<6 

^2 

lOOB 

0-710 

6 

-*6 

1010 

0-683 

<6 

-4 

1202 

0-738 

10 

^18 

1020 

0-716 

<6 

-I 

120S 

0-727 

9 

-6 





1204 

0-732 

<3 

-2 

111 

0*199 

8 

46 





ni 

0-161 

37 

435 

110 

0-144 

16 

411 

112 

0*238 

69 

4«) 

120 

0-260 

4 

-fl 

nS 

0-333 

<2 

4-3 

130 

0-386 

7 

^2 

223 

0*480 

3 

-.4 

140 

0*610 

9 

412 

222 

0*396 

13 

416 

160 

0-633 

<6 

^3 

221 

0*327 

8 

46 

210 

0-186 

<3 

43 

22! 

0 *284 

7 

-8 

220 

0*286 

10 

-4 

222 

0*322 

9 

-6 

230 

0-402 

4 

46 

225 

0*390 

21 

423 

240 

0-622 

<6 

0 

22I 

0*476 

<8 

42 

260 

0-646 

10 

-12 

333 

0*593 

<3 

44 

310 

0-238 

15 

416 

332 

0-520 

10 

+ 13 

320 

0*323 

18 

419 

331 

0*464 

8 

+9 

330 

0*428 

<3 

4X 

331 

0-419 

10 

-7 

340 

0*642 

<6 

45 

332 

0*489 

<3 

+3 

360 

0*661 

<6 

-3 

335 

0*484 

6 

-7 

410 

0*296 

<4 

41 

33l 

0*648 

10 

-a 

420 

0-308 

26 

426 

44l 

0-656 

8 

4U 

430 

0*466 

10 

48 

442 

0-567 

<3 


440 

0-671 

<3 

41 

445 

0-698 

11 

-9 

460 

0-686 

<6 

47 






Analym of the Struoiure 

Basing the calculations on the atomic /-curve for carbon obtained first from 
graphite and later modified slightly to fit the anthracene and naphthalene 
measureinentB, it is found that few of the dibenzyl structure factors attain a 
value of more than 60 % of their possible maxima. This indicates at once that 
as in the vast majority of organic structures the atoms in the dibenzyl molecule 
do not lie in any simple relation to any of the crystallographic planes. The 
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model is obtained when they are placed at right angles, as illustrated in 
fig. 3. 

Another possibility to be kept in nund is that of actual rotation or other large 
movement of the groups about the single bonds. But such a possibility seems 
rather remote as it would involve quite a large motion of the benzene rings as 
a whole in the crystal. 

Although models A and B are radically different yet if they are brought as 
nearly as possible into coincidence it is found that the difference in position 
of corresponding atoms is not a large one, certainly much smaller than the 
over-all dimensions of the molecule. Thus it is not surprising to find that each 
of the models can be oriented with respect to the crystal axes in a manner 
which gives quite a fair quantitative explanation of the intensities of all the 




3— Model B 


larger spacing reflections. These orientations can be found by concentrating 
first of all on the strongest reflections like the (202) and the (Oil) already 
mentioned, and gradually refining the positions by passing to a study of the 
higher order reflections. It is when we reach these smaller spacing planes 
that the. difference between the models begins to show itself. With A and A', 
fig. 1 and 2, it is found to be quite impossible to get good agreements between 
the calculated and observed values for all the reflections, no matter how the 
models are moved about. But with model B it is possible to obtain the same 
order of agreement for aU the reflections as has already been found for anthra- 
cene, naphthalene, and other structures. 

Table 11 contains reflections representative of four different zones and shows 
the extent of the agreements obtained for the different models when each is 
moved into the orientation most suited to it. A more complete list of the 
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measured values of F and those calculated from model B is given in 
Table I. 

The orientations found may be described as follows. ^ 

angles which the direction L, see figs. 1, 2, and 3, makes with the a, fc, and c* 
crystal axes {e* is perpendicular to a and b), x ? 4*^ 

the corresponding angles for the directions M and N. M in fig. 3 is supposed to 
be perpendicular to the plane of the paper and parallel to the planes of the 
rings. Then 


Models A and A' 



Model B 



X ==30“ 

X =117 -5“ 

X 

= 49-5° 

X' =126 1“ 

X" 

= 61-3“ 

=76“ 

It 

o 


li 

O 

4 ,' = 40“ 


= 64° 

w = 64-7“ 

w'= 61“ 


= 44-4° 

75 1“ 

0 '^ 

= 130-6“ 


A movement of a few degrees from these values is not important at the present 
stage. The figures are given in more detail in order to be mutually consistent. 


Table II — Comparison of the Structure 


hkl 

F 

F oalo. 

Fcaic. 

F calc. 


meaBured 

model 

model 

mtxiel 



B 

A 

A' 

200 

88 

-40 

--<39 

-43 

400 

7 

-10 

-10 

-19 

600 

16 

^-12 

+29 

+6 

020 

10 


-1 

+7 

040 

9 

-8 

-17 

-0 

001 

20 

4-16 

+22 

+23 

002 

20 

-10 

-29 

-20 

003 

7 

+6 

+4 

+9 

004 

12 

-13 

-18 

-7 

006 

3 



+6 

006 

<3 

-8 

+3 

+2 

no 

15 

+ 11 

+20 

+22 

210 

<3 

+3 

-1 

-5 

310 

16 

+ 16 

+9 

+2 

410 

<4 

+ 1 

+2 

-3 

510 

16 

+ 10 

+ 13 

+ 10 

120 

4 

+ l 

+ 1 

-2 

220 

10 

-4 

---6 

-3 

320 

18 

+ 19 

+9 

+2 

420 

25 

+25 

+24 

+26 

on 

59 

+62 

+68 

+63 

012 

18 

--13 

0 

-6 

021 

19 

+ 19 

+ 16 

+22 

022 

6 

0 

+2 

+23 

031 

16 

+ 11 

+ 18 

+ 11 

032 

<2 

-1 

+ 14 

+5 

206 

<3 

+2 

-3 

+7 

204 

17 

+ 18 

+7 

+22 
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Factors Calculated from Different Models 


hkl 

F 

Foalo. 

F oalo. 

F calc. 


moaHiired 

model 

model 

model 



B 

A 

A' 

202 

15 

-14 

-4 

-3 

201 

23 

+ 16 

+ 14 

+ 11 

20I 

13 

+ 16 

+ 16 

+ 12 

202 

70 

+66 

+63 

+66 

403 

<3 

+ 3 

+ 1 

+ 3 

402 

34 

+ 30 

+29 

+ 19 

401 

26 

+ 14 

+ 9 

+3 

40l 

12 

+ » 

+ 13 

+2 

402 

3 

-6 

+20 

+ 10 

«02 

18 

-24 

-9 

-34 

603 

4 

-4 

+2 

-10 

803 

2 

-3 

+3 

-6 

804 

17 

-23 

0 

-12 

1002 

12 

+ 15 

+29 

-6 

1003 

4 

-4 

+9 

-6 

1202 

10 

-18 

-6 

+ 2 

1203 

9 

-6 

0 

0 

120I 

<3 

-2 

+ 18 

-12 

111 

8 

+ 6 

+6 

+ 8 

111 

37 

+35 

+24 

+27 

112 

69 

+50 

+66 

+61 

ll3 

<2 

+3 

+5 

+ 10 

222 

13 

+ 16 

+6 

+u 

221 

8 

+ 6 

-2 

+2 

223 

21 

+23 

+ 12 

+ 18 

22i 

<3 

+2 

+ 16 

+ 19 

332 

10 

+ 13 

+ 10 

+ 12 

332 

<8 

+3 

-6 

+ 8 

442 

<3 

-3 

-8 

+9 

443 

ll 


-16 

-1 


2 h 
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In the models vre have assumed the benzene rings to be regular plane 
hexagons of 1 * 41 A between the carbon atoms, the angles between the bonds 
of the CH 2 groups to have the tetrahedral value of the distance between 
the CHa groups to be 1 -54 A, and the distance between these groups and the 
benzene rings to be 1 ■ 47 A. A refinement of these figures will be attempted 
at a later stage by the method of Fourier analysis. 

In discussing these results it must be remembered that no attempt has 
yet been made to refine the shape of the model, the angle of the bonds, etc., 
and that no account has been taken of the effect of the hydrogen atoms or 
allowance made for any difference in scattering power between aromatic and 
aliphatic carbon atoms. Even so it is found that the discrepancies for model 
B (the three-dimensional structure) are of just about the same order as in our 
previous analyses. But for the planar models, A and A', these discrepancies, 
when summed, are found to be more than twice as great. The conclusion, 
therefore, must be that the X-ray evidence points quite definitely to the three- 
dimensional model 

It may be of interest to mention that in carrying out this analysis the planar 
models were tested first, and a considerable time was spent in trying to get 
agreements, and a large number of orientations were studied. But when the 
three-dimensional model was adopted at a later stage the orientation given 
above was found in a comparatively short time. 

The minimum distance between the atoms on adjacent molecules obtained 
from this structure is found to be of the order of 3 • 7 A, the same as for the other 
hydrocarbons which have been analysed. 

Evidence from oilier Physical Properties 

Very few data are available on the optical properties of this crystal, but the 
observations recorded by Groth* seem to be consistent with the present 
structure. 

More detailed work has been done, however, on the magnetic properties of 
the crystal by Krishnanf and his collaborators, who have calculated the 
orientation of the molecules by making a correlation between the magnetic 
anisotropy of the crystal and that of the individual molecules. Their orienta- 
tion is described by first placing the molecule with its plane parallel to the (100) 
plane, and its length along the 0 axis, then rotating about c through an angle X 

♦ * Chom. Krystallog.,’ vol. 5, p. 191 (1919). 

t ‘ Phil. Trans.,’ A, vol. 231, p. 236 (1933). 
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and about h through an angle pi (towards a through the obtuse angle p). The 
molecule is next rotated throxigh an angle v about the normal to the plane 
containing h and the length of the molecule (after the rotation |ji has been 
performed). They then find that X = 30"^, jx — 83*9^, v = 0°. 

In our structure, the thre^e-dimensional molecule has no longer a unique 
plane and so the above description is hardly applicable. But if we take the 

plane of the molecule to be the mean plane through the centre of symmetry 
and parallel to the planes of the benzene rings, we find,* in the above notation, 
that X == 37-5°, pi = 68*2"^, v := 15°. Although our figures difEer from 
those quoted above, it is satisfactory to find that the orientation obtained 
from the X-ray analysis bears at least considerable resemblance to that 
deduced from the magnetic measureraents.t 

Our figures, of course, may be subject to an alteration of a few degrees when 
the structure is further refined by a Fourier analysis, but not by as much as i« 
required to bring them into really close agreement with the results obtained 
from the magnetic measurements. Rather than question these measurements, 
which have been very carefully performed, we would suggest that the valuea 
used for the principal susceptibilities of the individual molecules along their 
lengths, breadths, and the normals to their planes, upon which the calculations 
are based, may require some modification. There is no doubt that when 
quantitative intensity measurements are employed, X-ray analysis is an 
exceedingly accurate method of determining even a complex structure like 
that of dibenzyl. When complete it is then possible to work back and express 
the various physical properties of the crystal, such as the optical and magnetic 
anisotropies, as properties of the individual molecules. This is, of course, one 
of the most valuable results of the X-ray investigation of these organic 
structures. 

In conclusion, I wish to thank Sir William Bragg, O.M., F.R.8., and the 
Managers of the Royal Institution for the facilities afforded me at the Davy 

^ Employing the relations : — 

cos / — cos V . cos 0 — /i) 
cos — cos V . cos X 

4; ^ 90® - V, 

t Through an oversight the writer was not aware of the magnetic measurements and 
deduced orientation of dibenzyl until the X^ray analysis was complete. In the present 
work, therefore, the X-ray results wore arrived at quite independently. But in general 
even a rough knowledge of the magnetic susceptibilities is a valuable aid in the preliminary 
stages of X-ray analysis. 
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Fataday Laboratory for carrying out this work. I am also indebted to Miss L 
Woodward for assistance with the numerical work involved. 


Sumimry 

An X-ray investigation of tlie crystal structure of diben^yl is de^ribed 
The space group is P2j/a, and the two molecules in the unit cell each possess 
a centre of symmetry. 

Quantitative intensity measurements have been made of the reflections 
from about a hundred crystal planes. 

In the analysis of the structure it is shown that the molecule extends in 
three dimensions instead of being planar as in the aromatic compounds already 
examined. The planes of the benaene rings, though parallel to each other, 
are at right angles to the plane containing the zig-zag of the connecting CH^ 
groups. The orientation of this molecule in the crystal has been determined 
and is stated on p. 479. 

The relation with Krishnan’s work on the magnetic susceptibilities of the 
crystal is discussed. 
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Artijidal Radioactivity produced hy Neutron Bombardment 
By B. Fbbmi, E. Amaldi, 0. D’Agostino, F. Rasetti, and E. Segr^: 
(Communicated by Lord Rutherford, 0,M., F.R.S. — Received July 25, 1934) 


l—l/Urodudion 

This paper aims at giving a fuller account of experiments made in the 
Physical Laboratory of the University of Rome, on new radio-elements pro- 
duced by neutron bombardment. Preliminary residts have already been 
announced in short communications.* 

Curie and Joliotf first discovered that the product atom of an artificial dis- 
integration need not always correspond to a stable isotope, but could also 
disintegrate with a relatively long mean life with emission of light particles. 
As bombarding particles they used a-particles from polonium, and found that 
the light particle emitted was generally a positron. Similar results were 
obtained on several elements by other experimenters using a-partides, and 
artificially accelerated protons and deutons.J 
The use of charged particles for the bombardment, limits the possibility of 
an activation only to light elements. Indeed, only about ten elements up to 
the atomic number 16 could be activated by these methods. 

It seemed therefore convenient to try the efEcct of a neutron bombardment, 
as these particles can reach the nucleus even of the heaviest elements. Avail- 
able neutron sources are, of course, much less intense than a-particles or 
proton or deuton sources. But it was reasonable to assume that this factor 
would be partly compensated by the higher efficiency of neutrons in producing 
disintegrations, Indeed, experiment showed that more than forty elements 
out of about sixty investigated could be activated by this method. 

♦ Fermi, ‘Ric. Scient./ vol. 1, pp. 283, 330(1934); Amaldi, DAgostino, Formi, Rasetti 
and Segrfe, ‘ Ric. Sclent./ voL 1, pp. 452, 652, 21 (1934) ; Fermi, Eaaetti and D’Agoetino, 
‘Rio. Soient.; vol. 1, pp. 533 (1934); Fermi, ‘Nature,’ vol. 133, pp. 757, 898 (1934). 
See also Fermi, ‘ Nuovo Cim.,’ vol. 11, p. 429 (1934) ; Amaldi, Fermi, Rasetti and 8egr6, 
‘Nuovo €im.,’ vol 11, p. 442 (1934); Amaldi and Segr6, ‘Nuovo Cim.,* vol. 11, 
p, 452 (1934) ; ‘ DAgostino * Gazss. Chlro. Ital.,* in press (1934), 
t ‘C.R, Aood. Soi. Parifl,’ vol 198, pp. 264, 661 (1934). 

J Frisch, ‘Nature/ vol 133, p. 721 (1934); Wertenstein, ‘Nature,’ vol. 133, p, 564 
(1934); Cockcroft, Gilbert and Walton, ‘Nature,’ vol 133, p. 328 (1934); Neddermeyer 
and Anderson, ‘ Phys. Rev,/ vol 46, p. 496 (1934) ; Laurit4aen, Crane and Harper, ‘ Science/ 
vol 79, p. 234 (1934). 
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2—Thi ExperimenUd Method 

The neutron source consisted of a sealed glass tube about 6 mm in diameter 
and 16 mm in length, containing beryllium powder and radon in amounts up 
to 800 millicuries. According to the ordinarily assumed yield of neutrons 
from beryllium, the number of neutrons emitted by this source ought to be 
of the order of 1000 neutrons per second per millicurie. These neutrons are 
distributed over a very wide range of energies from zero up to 7 or 8 million 
volts, besides a very small percentage having energies about twice as high as 
this limit. 

The neutrons are mixed with a very intensive Y-radiation. This does not, 
however, produce any inconvenience, as the induced activity is tested after 
irradiation, and it was shown that radon without beryllium produced no efiect. 
The neutrons from beryllium are accompanied by a y-radiation harder than 
any emitted by the radon products (6 to 6 million volts — about one y-quantum 
per neutron). It . seems, however, most unlikely that the observed efiects 
are in any way connected with this y-radiation, as a y-radiation of enormously 
greater intensity and only sUghtly lower energy produces no effect. 

The emission of electrons from the activated substances was tested with 
Geiger-Mliller counters about 6 cm in length and 1*4 cm diameter. The walls 
of the counter were of thin aluminium foil, 0*1 to 0*2 mm in thickness. The 
applied voltage ranged between 1000 and 1600 volts. The amplified impulses 
were counted on a mechanical meter worked by a thyratron. 

The substances to be investigated were generally put into form of cylinders, 
which could be fitted round the counter in order to minimize the loss in 
intensity through geometrical factors. During irradiation the material was 
located as close as possible round the source. Substances which had to be 
treated chemically after irradiation were often irradiated as concentrated water 
solutions in a test tube. 

The decay curves of the induced activity were for many elements simple 
exponentials. Sometimes they could be analysed into two or more exponen* 
tials ; it was then convenient to irradiate the substance for different lengths of 
time in order to activate the various components with different intensity. 
The existence of several mean lives is, sometimes, certainly due to different 
isotopic constituents of the element ; when a single isotope is present it may be 
attributed to alternative processes of disintegration, and sometimes (uranium) 
to a chain of disintegrations. The intensity of activation varies within a wide 
range among the different elements? In some the effect is hardly measurable, 
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tie number of impulses produced by the irradiated substance being of the order 
of magnitude of the number of spontaneous impulses in the counter. In 
others the activation is so strong that when the substance is placed too near 
the counter the number of impulses is of the order of some thousands per 
minute, so that they cannot be counted because of lack of resolving power. 

No accurate measurement of the intensity of activation of the different 
elements was carried out, as it would require experimenting in well-defined 
geometrical condition, and a knowledge of the efficiency of our counters in 
counting electrons, and of the absorption in the substance and in the aluminium 
foil. However, a very rough evaluation of these factors was made, and for 
some elements a number expressing the intensity of activation (ii) is given. 
This intensity is defined as the number of disintegrations per second which take 
place in 1 gm of the element, placed at the distance of 1 cm from a neutron 
source consisting of one millicurie of radon (in equilibrium with its decay 
products) and beryllium powder. The substance was always irradiated 
until saturation of the active product was reached. The efficiency of our 
counters (including absorption in the aluminium foil and geometrical 
factors) was about 1/20, as determined by the measurement of the impulses 
from known quantities of potassium and uranium. 

Prom this number expressing the intensity it is easy to obtain the cross- 
section for the activating neutron impact, if the number of neutrons emitted 
per second by a one millicurie source is known. Assuming this number to be 
1000, one finds immediately the cross-section 

0:==2*lO”*«i.A, 

A being the atomic weight of the element. 

In order to be able to discuss the nuclear reaction giving rise to the active 
element, it is essential to identify it chemically. It is reasonable to assume 
that the atomic number of the active element sliould be close to the atomic 
number Z of the bombarded element. As the amount of the active substance 
is exceedingly small (in the most favourable cases about 10® atoms), there is 
no hope of separating it by ordinary methods. The irradiated substance was 
therefore dissolved, and small amounts of the inactive elements, which are 
suspected of being isotopic with the active product, were added. These added 
elements and the irradiated element were then chemically separated from each 
other, and separately tested for activity. It is generally found that the activity 
follows definitely one element. The active product can then be considered as 
identified with this element. 
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A preliminary investigation of the penetrating power of the P-rays of the 
new radio-elements has been carried out. For this purpose counters of the 
standard type were used, and the substance, instead of being put quite close 
to the counter, was shaped in the form of a cylinder of inner diameter somewhat 
larger than the diameter of the counter in order to allow cylindrical aluminium 
screens of difEerent thicknesses to be interposed. In this way absorption curves 
of a more or less exponential t)q>e were obtained. As the geometrical con- 
ditions of this absorption measure are difEerent from the standard ones, and 
moreover, the number of impulses instead of the total ionisation is computed, 
we checked the method by measuring the absorption coefl&cients for known 
radioactive substances ; as expected, we found a diflEerence (about 20%). 
The data are corrected for this factor. 

In several cases the absorption by 2 mm of lead was not complete ; tliis was 
assumed as a proof of the existence of a y-radiation. 

It was very important to determine whether the emitted particles were 
positive or negative electrons. Owing to the weakness of the radiation it 
seemed convenient to use for this purpose Thibaud*s* method of the inhomo- 
geneous nmgnetic field. Even by this intensive arrangement this investigation 
had to be limited to elements which could be strongly activated (Al, Si, P, 
S, Cr, As, Br, Kh, Ag, I, Ir, IJ). In every case only negative electrons were 
observed. This, however, does not exclude that a small percentage (up to about 
15%) of the emitted particles might be positrons. 

For a few very strongly activated elements the emitted electrons could be 
also photographed in a Wilson chamber. 


3 — Experimental ResvUs 

The elements investigated are here arranged in order of atomic number ; a 
summary of the results is to be found in a table at the end of the paper. 

Hydrogen — Shows no effect when water is irradiated 14 hours with a 
670-millicuries source. 

*6—- Lithium — The hydroxide irradiated 14 hours with 750 millicuries is 
inactive. 

4 — B&ryUium — Shows an extremely weak activity which might well be due 
to impurities. 

5 — Boron — Same as beryllium. 

* ‘ C.R. Acad. Soi. Paris,* vol. 197, p. 447 (1938). 
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€~Carbm — ParaflSn irradiated 16 hours witii 220 millicuries is inactive. 

7 — A^iirogfeW'— Guanidine carbonate {about N) irradiated 14 hours with 
600 millicuries is inactive. 

8 — Oxygen — No activity ; see hydrogen. 

9 — Fltwrine — This element irradiated as calcium fluoride can be strongly 
activated (i = 0*7). As calcium proves to be inactive, the effect is due to 
fluorine. The activity decreases with a very short half period, about 9 seconds. 
No chemical separation was possible in this case. However, as it is known 
that fluorine disintegrates under neutron bombardment with emission of an 
a-particle, the active nucleus is probably This unstable isotope goes over 
to stable 0^® with emission of an electron. The remarkable stability of tlie 
latter nucleus agrees with the observed very high energy of the fi-rays ; the 
intensity reduces to half value in 0*24 gm/cm* AL This and all the 
following absorption data are given for aluminium. 

11 — Sodium- ThiB element has been irradiated as carbonate. Sodium 
shows a fairly strong activation, decreasing with a period of about 40 seconds. 

12 — Magnesium-^Thk element can be fairly strongly activated, and the 
decay curves show the existence of two periods, of about 40 seconds and 
15 hours. Half- value thickness for the long period 0*06 gm/cm®. 

The active element decaying with the 16 hours’ period could be chemically 
separated. The irradiated magnesium was dissolvecff and a sodium salt was 
added. The magnesium was then precipitated as phosphate and found to be 
inactive, while the sodium which remains in the solution carries the activity. 
The active atom is th\is proved not to be an isotope of magnesium, and as neon 
also can be excluded, we assume it to be an isotope of sodium, formed according 
to the reaction : 

Mgis** + - Na^^ + 

13 — Aluminium — This element acquires a strong activity under neutron 
bombardment. The decay curves indicate two periods of about 12 
minutes (t™0-8) and 16 hours (i = 0*6). Half- value thickness respect- 
ively, 0 » 07 and 0 * 06 gm/cm*. 

The long-period activity could be chemically separated by dissolving the 
irradiated aluminium and adding to it small quantities of sodium and 
magnesium. Aluminium and magnesium are then precipitated as hydroxides 
and phosphates, and are found to be inactive. The solution containing 
sodium is then dried up, and shows an activity decaying with the 16 hours’ 
period. 
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The active element is probably the same as in the former case of magnesium, 
as the identity of the periods and of the half- value thickness suggests. In the 
present case the nuclear reaction is 

A1i3*’ + no^ - Nau“ + He,^. 

This active isotope Na^ then goes over to the stable isotope Mg®* with emission 
of an electron. 

The active pro<iuct with the 12-miaute period has not been separated. 
However, we consider it likely to be Mg®’, as the other two possible cases, 
Al®® and Al®®, are probably to be excluded, the first because Al*®, as we shall 
next see, is a radioactive isotope with a period of 3 minutes, and the latter 
because Al®* should probably disintegrate with emission of positrons. 

14 — Stfecmr— Silicon is also strongly active (t — 0*7), and has a period 
probably somewhat eliorter than 3 minutes. Half-value absorption 
thickness of the (i-rays, 0*16 gm/cm®. 


The chemical separation of the active element has been performed by 
evaporating irradiated silica with hydrofluoric and sulphuric acids, after 
addition of aluminium and magnesium. Silicon is eliminated as fluoride, and 
aluminium precipitated from the residue is found to contain the activity. 
The active product is therefore probably an isotope of aluminium, and the 
nuclear reaction is 

Si,,aH + Alia®® + U.K 

This is in accordance with the hypothesis of Curie, Joliot and Preiswerk* 
about the identity of this active isotope with the one which is formed by the 
impact of a-particles on Mg®®, and which has actually the same period. 

16 — Phosphorus — This element shows a strong activity {i = 0 * 6 ) decaying 
with a period of about 3 hours, and also an activity ten times less intense 
with a period of 3 minutes, first noticed by Curie, Joliot and Preiswerk. 
The half- value thickness for the p-rays of the 3 hours* product is 0 * 09 . 

The 3 hours* active product could be chemically separated. For this purpose 
phosphorus was irradiated as a concentrated solution of phosphoric acid. 
This solution was afterwards diluted with water, adding sulphuric acid and a 
small amount of sodium silicate. The substance is dried up to render silica 
insoluble, and then dissolved in water and filtered. The activity is found with 
the silica. 

The nuclear reaction is then probably 

V + 

* * C.R. Acad. Soi. Pads,* vol. 108, p. 2089 (1934). 
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The 3 minutes' active product has not been chemically separated. The 
identity of period suggests that it might be the same Al®* obtained from silicon- 

16 — ^^St/ZpAwf-^Sulphur shows a fairly strong activity, decaying with a period 
of about 13 days (rather inaccurately measured). Half-value absorption 
thickness of the p-rays 0*10 gm/cm®. 

A chemical separation of the active product was carried out as follows : 
irradiated sulphuric acid was diluted, a trace of sodium phosphate added, and 
phosphorus precipitated as phosphomolibdate by addition of ammonium 
molibdate. The activity was found in the precipitate. 

We think, in consequence, that the nuclear reaction is 

Sie** + V + 

This active P®® is transformed by emission of an electron into the stable 
isotope S®®. 

17— CAZonne— Half-period and penetration of the p-rays of this element 
are about the same as for sulphur. Intensity, i 0*1. The active substance 
was separated with a method quite similar to that used for sulphur. Irradiated 
ammonium chloride was dissolved in diluted nitric acid, and then phosphorus 
added and separated as in the former case. This element carried the activity 
as before. 

The nuclear reaction which gives rise to the same active phosphorus as 
obtained from sulphur is 

V + ^0^ - V + He,* 

20 — Calcium — ISo activity could be detected, 

22 — Titanium — A very weak effect, with a period of a few minutes, could be 
observed. However, it cannot be excluded that it might be due to impurities. 

23 — Vcmadium — This element shows a medium activity. The half-period 
is about 4 minutes, and coincides within experimental error with those 
observed in chromium and manganese, which are due to isotopes of vanadium. 
This suggests the hypothesis that the active element might be V*®. The half- 
value thickness is also the same as for chromium, 0 • 16 gm/om®. 

24 — Chromium — Metallic chromium becomes fairly strongly active under 
neutron irradiation. The half-period is, as in the former case, about 4 
minutes. Half- value absorption thickness, 0*16 gm/cm®. 

In order to identify the active element, we proceeded as follows : to irradiated 
ammonium chromate some sodium vanadate was added, and vanadium 
precipitated by addition of ammonium chloride* The activity being found 
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in the precipitate, it is certainly not due to an isotope of chromium. To see 
whether it was an isotope of titanium, a titanium salt was added besides 
vanadium to the irradiated chromium compound, and titanium precipitated by 
hydrolysis. The precipitate showed no activity. In consequence, we consider 
the active substance to be probably the same isotope V** as before, formed 
according to the nuclear reaction 

26 — Manganese — We irradiated manganese dioxide and found a fairly 
intense activity decaying with two periods : about four minutes and two and a 
half hours. Half- value absorption thickness for the electrons of the 
hours' product, 0*16 gm/cm*. 

The activity with the long period cannot be separated from manganese by 
adding chromium and vanadium and precipitating them respectively as 
chromate and vanadate of lead. It is therefore probably due to an isotope 
of manganese, Mn®*, the same which is extracted from irradiated iron and 
cobalt, as the identity of the half-life periods suggests. 

In order to identify the 4-minute active element, we irradiated manganese 
nitrate, added a vanadium compound and precipitated vanadium as vanadate 
of lead. The activity was carried down in the precipitate. A similar reaction, 
was carried out with chromium, and also in this case the precipitate was found 
to be active, but apparently with a definitely lower yield. The active principle 
is probably the isotope V*®, and the nuclear reaction is 

-f - V23®* + He^*. 

The same active vanadium is thus probably obtained from chromium,, 
van^ium and manganese, fig. 1. 

26 — Iron — This element shows a fairly intense activity (i = 0*06), decaying 
with a period of 2*5 hours.* Half-value absorption thickness, 0*16 gm/cm®.. 
The active product can be separated as follows : the irradiated iron is dissolved 
in nitric acid, a small amount of a soluble manganese salt is added, and then 
the Mn is precipitated as Mn02 by addition of sodium chlorate. The activity ia 
found in the manganese precipitate. The active element is probably formed 
according to the reaction 

and is the same as obtained from manganese. 

* See also Fleischmann, * Naturw.,* vol. 22, p. 434(1^34). 
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27 — Coftaft*— Cobalt can be activated, and the decay curves show the same 
half-period as iron. The active product can be chemically separated with 
manganese by the same method as that described for iron. This suggests 
that it may be again the isotope Mn*^. In the present case the nuclear reaction 
would be 

«= + He,*. 



Fig. 1 — The hgure shows a possible scheme for the transformations which take place in 
the elements of atomic number 23 to 27, plotted in a proton-neutron diagram. Stable 
isotopes are indicated by dots (#) when roptesenting more than 20% of the element, 
otherwise by circles (0). Active isotojies are indicated by small squares (□). The 
arrows indicate tlie transformations. 

The active isotope Mn^ appears to originate from cobalt, iron and man- 
ganese (see hg. ] ). 

28— -iVioAei—The metal, irradiated 13 hours with 260 miUicuries, was found 
to be inactive. 

29 — Copper — This element shows a medium activity, decaying with a period 
of about 6 minutes. We suggest as a possibility that the active nucleus might 
be the same as that which is produced from zinc, that is, an isotope of copper. 
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30 — Zinc — Shows a weak activity, whose decay curve is composed of two 
periods, one of about 6 minutes and tbe other much longer and not yet 
measured. 

The active element with the G-minute period has been chemically separated, 
dissolving the irradiated metal, adding copper and nickel, and then precipi- 
tating copper as sulphide, or depositing it electrochemically on a zinc plate. 
In both cases copper carries the activity. The added nickel, precipitated with 
dimethylglyoxime, was found to be inactive. The active element is thus 
probably an isotope of copper. 

31 — Gallium — This element shows a moderately intense activity, decaying 
with a period of about 30 minutes. 

33 — Arsenic — Has a strong effect, the activity decaying with a period of 
about one day. Half- value absorption thickness, 0*16 gm/cm®. We have 
tried to separate the active substance by adding gallium and germanium and 
precipitating the former as ferrocyanide, the latter as sulphide after elimina- 
tion of the arsenic. While the precipitation of the galUum appeared to be 
complete, in the case of germanium we are not sure that this element had been 
completely separated. In both cases the substance separated was found to be 
inactive, suggesting as probable that the activity belongs to an isotope of 
arsenic. However, as the reatJtion with germanium gave a somewhat un- 
certain result, wo cannot give this conclusion as proved beyond doubt. 

34 — Selenium --ThiB element could be weakly activated. The half-period is 
about 36 minutes. 

36— JSrmwc— Ammonium bromide was found to be strongly activated by 
neutron irradiation. The decay curves show two periods, of about 30 minutes 
and 6 hours. In order to identify the active substance we added arsenic 
and seleniiun, and separated the former as sulphide, the latter electrochemi- 
cally. Both were found to be inactive. The active elements seem thus to be 
isotopes of bromine. As a control we added arsenic and selenium and precipi- 
tated bromine as silver bromide, and found that the precipitate carried down 
the activity. We suggest that the two periods may he due to two active 
isotopes, and formed from the two ordinary isotopes, Br’® and 

37 — Rubidium — Rubidium nitrate showed a very weak activity, decaying 
with a period of about 20 minutes. 

38— S^rowfiww—Tbis element irradiated 13 hours with 400 mC was found 
inactive. 

39— This clement irradiated 30 minutes with 760 mC was found 
inactive. 
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40 — Zirconium — Zirconium oxide showed an extremely weak activity with a 
period of a few minutes. It is possibly due to impurities. 

42 — Molybdenum — This element shows a very weak activity. The decay 
curves indicate at least two periods, one of about 16 minutes and one longer 
than a day, 

4A:~--RtUhemum — This element irradiated 40 minutes with 750 mC was found 
inactive. 

46— iJAodiww — ^Metallic rhodium could be strongly activated, and the decay 
curves found are consistent with the existence of two periods, one of about 
50 seconds and the other of 6 minutes. Most of the activity belongs to the 
shorter period. Half- value thickness for the electrons of the 6 minutes' active 
product, 0*10 gm/cm^. 

46 — Palladium — This element becomes moderately active under neutron 
bombardment. The decay curves are not very accurate, but indicate a 
period of the order of six hours. Half- value thickness, 0*03 gm/cm®. 

47 — Silver — A strongly active element. The decay curves show a period of 
about 20 seconds and one of about 2 minutes (intensity of the latter, t = 0*6 ; 
half- value thickness, 0*08 gm/cm^). 

48 — Cadmium — Metallic cadmium could be only weakly activated. The 
decay curves indicate a period slightly longer than one hour. 

50 — Tifi — xhis metal showed an extremely weak activity, perhaps due to 
impurities. 

51 — Antimony — The same as tin. 

52 — Tellurium — Shows a weak activity decaying with a period of about half 
an hour. 

63 — Iodine — We irradiated both the element and ammonium iodide. Both 
showed a strong activity, decaying with a period of 30 minutes. Intensity, 
i = 0 • 4. Half- value thickness, 0 • 09 gm/cm®. The active element follows the 
iodine when this substance is precipitated by adding nitric acid to the solution 
of the irradiated ammonium iodide, to which tellurium and antimonium had 
been added. It also follows the same element when precipitated as silver 
iodide in presence of tellurium and antimonium. It is very likely that we 
have here the formation of an active isotope of iodine. 

66 — Cmium — Caesium (tartrate) showed a very weak activity, whose period 
has not yet been measured with any accuracy. 

66 — Barium — We irradiated the hydroxide and found it weakly active. 
The curves indicate a period of about 3 minutes. 

51— LarUhanum— This element irradiated 40 minutes with 400 mC was 
found inactive. 
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68 — Cerium — This element irradiated 30 minutes with 400 mC was found 
inactive. 

Praseodymium — This element, as well as the other rare earths — ^Nd, 
Sm, and Pr— were kindly given to us by Professor Holla, of the University 
of Florence. They are very pure, and in the form of oxides. 

Praseodymium shows a rather weak activity. The decay curves indicate 
a period of about 5 minutes, and perhaps a longer one. 

60 -iVeodywiwm— Shows a rather weak activity. Period about one hour. 

62 — iSamarmm— Also has a rather weak activity. Period about 40 
minutes. 

73 — Tanialiir)^T!\m clement irradiated 2 ‘5 hours with 750 mC was found 
inactive. 

74 — Tungsten — This element shows an extremely weak activity of probably 
long period. This might possibly be due to impurities. 

16— Rhenium — This element irradiated 10 minutes with 750 mC was found 

* . * 
inactive. 

76 — Osmium — This element irradiated 15 hours with 450 mC was found 
inactive. 

77 — Iridium — This element has a strong activity, decaying with a period of 
about 20 hours. Half- value thickness, 0*13 gm/cm^. 

In order to establish the chemical nature of the activity, we irradiated the 
tetrachloride, added osmium and rhenium, and separated the former by 
distillation of the tetroxide, and the latter as sulphide. Both were found to 
be inactive. Iridium still contained the activity, which appears to be due to 
an isotope of this element. 

78 — Platinum— Pure platinum from Herseus showed an extremely weak 
activity of short period. 

79— — We irradiated the metal, which showed a fairly intense activity. 
The period is about two days. Half- value thickness 0*33 gm/cm.^ 

We tried to separate the active substance by dissolving the irradiated gold 
foil in aqua regia, adding platinum and iridium, and precipitating these 
elements as respectively chloroplatinates and chloroiridiates. Both were 
found to be inactive, while the activity was still found in gold, thus indicating 
an isotope of this element as the active nucleus. The activity remains with 
gold also when mercury is added and evaporated. 

80 — Mercu/ry — Tliis element, strongly irradiated, showed an extremely weak 
activity which might be due to impurities. 

81 — Th<Alium — The same as mercury. 
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82 — Lead — This element irradiated 10 hours with 500 mC was found 
inactive* 

83 — BismxUh — The same as lead. 

90 — Thorium — This element has not been investigated sufficiently at 
present. Thorium nitrate, freed of its ordinary |3-active decay products and 
irradiated, becomes strongly active* The decay curves indicate at least two 
periods, of less than 1 minute and about 15 minutes. 

92 — Uranium — ^We give here only the main results on this element, as its 
behaviour has been discussed recently ebewhere.* 

Besides the half-periods of 10 seconds, 40 seconds and 13 minutes, we have 
identified later one more of about 1 *6 hours. The intensity of the activation 
is of the order of 0*6 for each of these lives. We have already discussed 
experiments which appear to prove that the 1 3 minutes’ active product is not 
isotopic with any of the elements with atomic number from 86 to 92 (emanation, 
ekaccBsium, radium, actinium, thorium, protactinium, uranium). These 
experiments have been repeated under different conrlitions, chiefly in order to 
obtain a negative proof of the identity of the 13-niinute product with pro- 
tactinium, this proof being the most difficult to establish on account of the 
short period of the available Pa isotope, UXg. The manganese reaction which 
has already been described gives a yield of about 16% for the 13-minute pro- 
duct* Its yield for UXj depends widely upon the conditions of the reaction, 
and may be varied between 2% and 10%, account being taken of the natural 
decay of this substance. A more effective reaction for obtaining the 13-minute 
active product is the following ; irradiated uranium nitrate is dissolved in 
diluted hydrochloric acid ; some rhenium nitrate is added, and then rhenium is 
precipitated as sulphide by addition of sodium thiosulphate. Tlxis precipitate 
carries about 50% of the activity; and sometimes more. The percentage of 
UXi and of UXj found in the rhenium precipitate varies also with the condi- 
tions of the reaction (particularly with the acidity), but can be made very low, 
probably less than 1%. It was actually possible to separate the IS-minute 
active product and to measure its period using uranium which had not been 
purified at all from UX. The 90-minute active product has apparently 
chemical properties very analogous to those of the 13-minute active product, 
as in every type of reaction they are always obtained in about the same percent- 
age* These activities seem, therefore, both to be due to products with atomic 
number higher than 92, and possibly to isotopes of a same element. 

♦ Fermi, ‘ Natuie,* voL 133, p. 898 (1934). 
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4 — Theoretical Discussion 

We want here to discuss, from the theoretical point of view, the prooesses 
that may tahe place under neutron bombardment. At the present state of the 
nuclear theory these considerations can have only a provisional character. 
We can resume the empirical resultB of the preceding sections in the foUowmg 
points. 

(а) A large percentage of elements of any atomic weight can be activated 
from this point of view no special difierence can be noticed between light and 
heavy elements. 

(б) The cross-sections for neutron impact for the elements which can be most 
intensely activated are of the order of the geometrical crossnaection of the 
nucleus. This means that a large percentage of the neutrons which hit the 
nucleus produce an active atom. 

(c) The active product is sometimes an isotope of the original atmn (atomio 
number Z) ; in other cases its atomic number is lower by one or two units. In 
this respect there appears to be a difference between light and heavy elements. 
For light elements the atomic number of the active product is usually lower 
than Z, while in the five cases investigated for heavy, non-spontaneously 
radioactive elements, the active product is always an isotope of the bombarded 
element, 

(d) The emitted electrons always have a negative charge, or at least no 
positrons could ever be detected. 

There seems to be no special difficulty in explaining the general mechanism 
of the activation for light elements* This seems to consist usually in the capture 
of the impinging neutron, followed immediately by the expulsion of an 
ot-particle or a proton. If the energy of the emitted a-particle or proton is of 
some million volts, it resttlts from Gamow^s theory that the time which is 
necessary to emit the particle is extremely Short, and there is therefore a 
fairly high probability for the process to happen before the Ueution has feft 
the nucleus. After this process, which may last a time of the-M^ of 
seconds, the nucleus has been i^ahiiformed into a new 5ne havi!^, on the aver- 
age, an atomic weight higher than would belong to its niioleAr as 

preoesseB of absorbing a neutron and emitting ail a-particle or a protbn increase 
the neutron/proton ratio in the nucleus. This is prdbaWy the reaton why an 
emission of negative electrons is always bbs^ed. The piooess of ^e db^ 
emission re-establishes the correct value for neutron/proton ratio, and corre- 
sponds to the formation of a stable isotope. 
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As tile atomdo weight of the bombaxded element increases, the potential 
barrier around the nudeas becomes an increasingly strong obstacle to the 
emission of heavy, positively^charged particles ; it is therefore easy to under- 
stand why processes with emission of protons and a-partioles become very 
improbable. 

The reactions whose theoretical interpretation seems to meet with difficulties 
are those, normally occurring among heavy dements, in which the aotavated 
atom is isotopic with the original atom. The simplest hypothesis would be to 
assume a capture of the impinging neutron, giving rise to an unstable isotope 
of the bombarded element with an atomic weight higher by one unit than before 
the process. This hypothesis, which would be in agreement with the observed 
fact of the emission of negative electrons, gives rise, however, to serious 
theoretical difficulties when one tries to explain how a neutron can be captured 
by the nucleus in a stable or quasi-stable state. It is genemlly admitted that 
a neutron is attracted by a nucleus only when its distance £tom the centre of the 
nucleus is of the order of 10“^ cm. It follows that a neutron of a few million 
volts’ energy can remain in the nucleus (t.e., have a strong interaction with the 
constituent particles of the nucleus) only for a time of the order 6f 10*^ seconds ; 
that is, of the classical time needed to cross the nucleus. The neutron is 
captured if, during this time, it is able to lose its excess energy (c. j,, by emission 
of a y-quantum). If one evaluates the probabiKty of this emission process by 
the ordinary methods one finds a value nmch too small to account for the 
observed cross-sections. In order to maintain the capture hjpothesis, one must 
then either admit that the probability of emission of a y-quantum (or of an 
equivalent process, as, for example, the formation of an electron-positron pair) 
should be much larger than is generally assumed ; or that, for reasons that 
cannot be understood in the present theory, a nucleus could remain for at 
least 10"'^* seconds in an energy state high enough to permit the emission of a 
neutron. 

An alternative hypothesis is to admit that the impingmg neutron is not 
captured, but causes the expulsion of another neutron from the nucleus. 
This process could be described as follows : the primary neutron loses part of 
its energy, bringing the nucleus into an excited state by a sort of inelastic 
impact. One can easily understand theoretically that these processes may take 
place in a large percentage of the collisions between nuclei and neutrons. 
If the excitation energy is large enough, a neutron can be emitted before the 
nucleus loses its energy by emission of a y-quantum. The atom formed by such 
a process is an isotope of the original one, with atomic weight lower by one unit. 
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An objection which may be raised against this hypothesis is that if the ntun- 
ber of neutrons decreases instead of increasing, it is, a priori^ more likely that 
the atom, in the following disintegration, should emit a positron than a negative 
electron as observed. However, in the few cases investigated of heavy 
elements which are activated by neutron bombardment and are transformed 
into their isotopes, when the isotopic constitution of the neighbouring elements 
is known, there always exists a stable isotope of the element Z + 1, having 
atomic weight one unit less than the original element, as a possible end-product 
of the transformation. 

One has, moreover, to bear in mind that if an unstable nucleus has energeti- 
cally the possibility of emitting both an electron and a positron, the theory of 
the p-rays* gives ceteris paribus the emission of an electron as the most 
probable. 

In conclusion, the choice between these two alternatives seems at present 
rather uncertain, and further experiments must be performed to test this point. 

The radon sources were supplied by Professor G. C. Trabacchi, Laboratorio 
Fisico della Saniti Pubblica, Rome, without whose kind help these researches 
would have been impossible. To him, therefore, our warmest thanks are due. 
A fund for this work was granted to us by the Consiglio Nazionale delle 
Ricerche, Rome. Our thanks are due also to Professor N. Parravano and 
Professor L. Rolla, who have supplied us some rare chemicals. 


* Fermi, ‘ Z. Physik/ vol. 88, p. 161 (1934). 
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6 — Tabular Summary 

The main resalta of this investigation are summarized in the table. Column 1 ooutains the 
atomic number and aymbol of the eJeraenta invoatigated. Column 2 gives the isotopic oonstitu* 
tion ; numbers in bold type refer to isotopes which represent more than 20% of the elomont. 

Column 3 gives the observed half-periods ; a heavy moans that the activity was sought 

for and not fcmnd. Column 4 gives a rough evaluation of the intensity a (strong), m (medium), 
w (weak). Column 5 gives the average energy of the electrons in million volts; this was 
obtained from the absorption measurement by a rather rough extrapolation based on the 
absorption ooeffituents of ordinary j5-aotivo substances without strong y-rays (Ra E and UX,). 
Column 6 sln>W8 whether y-rays were observed or not; a line means that y-rays have been 
sought for and not observed. Column 7 gives a probable active product ; for simplicity we 
have always assumed that the neutron is captured ; if, instead, a neutron was emitted, the 
corresponding atomic weights should be decreased by two units. When two or more periods 
are present, the data of columns 4, 6, 0 and 7 refer to the different periods in their order. 

Mean 


energy of 


Atomic 

Isotopes. 

Half-poriwl. 

Intensity, 

/S rays in 

y-rays. 

Active 

number. 




10* volts. 


isotope. 

1 H 

1,2 

— 

— 




3 Li 

6, 7 



L. 




i Bo 

9 

V 

T 




5 B 

10, II 

9 

? 




6 0 

a, 13 


M 




7 N 

14, 16 








8 0 

16. 17, 18 

— 






<J F 

19 

9 8. 

8 

2 

yes 

NJ«(?) 

n Na 

23 

40 8. 

m 




12 Mk 

24,25,26 

40 8.; 16 b. 

m; m 

.6 

? ; yes 

; Na»* 

13 Al 

27 

12 m. ; 16h, 

8; 8 

*6; -6 

yes; yes 

— ; Na** 

i \ bi 

28,29,30 

3 m. 

8 

1-3 

yes 

Al»* 

15 V 

31 

3 m.; 3 h. 

w; 8 

.7 

? 


16 8 

32, 33. 34 

13 d. 

m 

»8 

Wl.,-... 

P« 

17 Cl 

35, 37 

13 d. 

w 

•8 


P” 

20 Ca 

40, 42, 43. 44 



■■■■ ■ 




22 Ti 

46. 47, 48, 49, 50 

3 m. 

w 




23 V 

51 

4 m. 

rn 

1*3 



24 Cr 

50, 52, 53, 64 

4 m. 

m 

1*3 

yes 

yos 

25 Mn 

55 

4 m. ; 160 m. 

m ; m 

1*3 


V** ; Mn** 

26 Fe 

64, 56 

150 m. 

m 

1*3 

yes 

Mn» 

27 Co 

59 

1 50 m. 

w 



Mn** 

28 Ni 

58,60,61,62 







29 Cu 

63. 85 

6 m. 

m 




30 Zn 

64,66,67,08,70 

6 ra. ; ? 

w ; w 



Cu; — 

31 Ga 

69, 71 

30 m. 

m 




33 As 

75 

Id. 

8 

1-3 

yes 

As’* 

34 Be 

74, 76, 77, 78, 80, 82 

35 ra. 

W 




35 Br 

79, 81 

30 m. ; 6 h. 

8 ; 6 

— ; -7 (It) 



Br«* ; BfW 

37 Eb 

85, 87 

20 m. 

u> 




38 Sr 

86,87,88 








39 Y 

89 

■I..-.-. 






40 It 

90, 91, 92, 94, 96 

? 

w 




42 Mo 

92, 94. 98, 96, 97, 98, 100 

16 m.; (?) 

w : ir 




44 Ru 

96, 98, 99, 100, 101, 102, 







104 








46 Rh 

1 i.ii.. 

60 6. ; 5 m. 

m 

*8 



46 Pd 

— 

0h.(vj 

W’ 

•3 




47 Ag 

107, 109 

20 8. ; 2 m. 

8 ; 8 

*7 

-II 1 


48 Od 

no, 111, il2, 113, (14, 







116 

70 m. 

iv 




50 Sn 

112, 114, 116. 116, 117, 







118,119,120,121,122, 
124 


2 K 
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Tabular Summary — (continued). 


Moan 





energy of 


Active 

Atomic 

Isotopes. 

Half-period. 

Intensity. )9-rays in 

y-rays. 

number. 

t0« volts. 


isotope. 

ftl Sb 

121, 123 

? 

t 



52 Tb 

122, 123, 124, 125, 126, 






(127), 128, 130 

30 m. (?) 

ir 



53 I 

127 

30 m. 

e *7 



55 Oh 

133 

(?) 

«’(?) 



50 Ba 

136, 136, 137, 138 

3 m. 




57 hti 

139 






r>H Ce 

140. 142 

. ■ .. 

_ 



59 Pr 

141 

5 in. 

w 



00 Nd 

142. 143. 144, 145. 140 

1 h. 

W.' 



62 Km 

144, 147, 148. 149. J50, 






152. 154 

40 m. 

w 



73 Ta 

181 






74 W 

182. 1K3. 184. 186 

(V) 

wO) 



75 Re 

185. 187 




76 Os 

180. 187. 188, 189, 190. 






192 





77 Jr 



20 b. 

s M 

yes 

1 r 

78 Pt 

— 

(n 

w)(?) 


79 Au 



2 a. 

ft ’ 3 



Au 

80 Hg 

196, 197. 198, 199. 200. 





201,202.203.204 .... 

(?) 

(?) 

CO 



81 T1 

203. 205 

(?) 



82 Pb 

263. 204, 205, 206, 207, 





208, 209 

..■■...I.. 

.1.1, 



83 Bi 

209 

— 




90 Th 

232 

1 m. (?); 15 m. 

s ; ^ 



92 U 

238 

15s.; 40s.; 

tt i H ; s ; s 

yee 

* 


13 m. 100 m. 


* ScH' p. 49r». 
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The Formation of Emulsions in Definable Fidds of Flow 
By G. L Tayloe, RR.S., Royal Society Yarrow Profeasor 
(Received May 9, 1934) 

[Plates 4 ano 5] 

The physical and chemical condition of emulsions of two fluids which do not 
mix has been the subject of many studies, but very little seems to be known 
about the mechanics of the stirring processes which are used in making them. 
The conditions which govern the breaking up of a jet of one fluid projected 
into another have been studied by Rayleigh* and others, but most of these 
studies liave been concerned with the effect of surface tension or dynamical 
forces in making a cylindrical thread unstable so that it breaks into drops. 
The mode of formation of the cylindrical thread has not been discussed. 
As a rule in experimental work it has been formed by projecting one 
liquid into the other under pressure through a hole. It seems that studies 
of this kind which neglect the disruptive effect of the viscous drag of one fluid 
on the other, though interesting in themselves, tell us very little about the 
manner in which two liquids can be stirred together to form an emulsion. 

When one liquid is at rest in another liquid of the same density it assumes 
the form of a spherical drop. Any movement of the outer fluid (apart from 
pure rotation or translation) will distort the drop owing to the dynamical and 
viscous forces which then act on its surface. Surface tension, however, will 
tend to keep the drop spherical. When the drop is very small, or the liquid 
very viscous, the stresses due to inertia will be small compared with those 
due to viscosity. 

Recently the present writer made a rough theoretical estimate, based on the 
hydrodynamical equations of a spherical drop in a shearing fluid, of the 
maximum size of drop which surface tension might be expected to hold together 
against the disruptive forces due to the viscous drags of the shearing fluid. 
Since the drop must depart very markedly from the spherical form before it 
bursts, this theoretical estimate is unlikely to be of much value except as an 
indication of the conditions under which marked deviations from the spherical 
form began to occur. It seemed worth while therefore to make some experi- 
ments on the deformation and bursting of a drop of one fluid in another under 

• ‘ Proc. Roy. Soo.,’ vol 29, p. 71 (1879). 
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controlled oonditionB measuring the interfacial tension of the two liquids 
their viscosities and the rate of deformation of the outer fluid. 

Among the infinite variety of possible fields of flow two have been chosen 
which can easily be produced in an actual fluid and at the same time can be 
represented by simple mathematical equations. The first is that represented 
by 

M = Ca:, V = — Cy, (I) 

the stream lines of which are rectangular hyperbolas. The second is that 
represented by 

u* = ay', u' == 0. (2) 


** F<mr RoUer ” Apparattts 


iUINC HOLE 


To produce approximately the field of flow represented by (1) the apparatus 
represented in the sketch of fig. 1 was constructed. Four brass cylinders 

3*81 cm x2 *39 cm diameter were mounted at 
the comers of a square the sides of which 
were 3*18 cm. Their axles ran in brass bear- 
ings fixed in two glass plates which formed 
the sides of a box the internal dimensions of 
which were 7*6 X 7*6 X 3*9 cm. The re- 
maining sides were brass and one of them was 
pierced by a large hole through which the 
apparatus could be filled with liquid. The 
cylinders were driven in the directions in- 
dicated by arrows in fig. 1 by means of two 
vertical shafts and bevel wheels. These two 
shafts were rotated at the same speed but in 
opposite directions by a motor through reduc- 
tion gears. The box was filled with golden 
syrup, illuminated by an electric lamp, and 
observed by means of a long focus camera 
(magnification 2*5) set with its axis on the centre line in a direction parallel 
to the axes of the cylinders. 

Slight variations in the water content of the golden syrup caused streaks to 
appear in the image on the camera screen as soon as the apparatus was set in 
motion. These streaks mark out stream lines and the photograph, fig. 2, 
Plate 4, shows that at any rate in the centre of the field they are very 



1VINC PULLEYS 

* 

Fxo. 1 — “ Four roller ** apparatus. 
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like the rectangular hyperbolas which are stream lines of the flow represented 
by (1). 

To compare the velocity in the field of flow actually produced with equation 
(1) a series of lines were ruled horizontally and vertically on the screen of the 
camera at distances ± 0*6, ± I'O, ± 1*6, ± 2*0, and db 2*6 cm from the 
centre. The times at which images of small particles in the golden syrup 
passed successive lines were observed and also the time t of one revolution of 
the vertical shafts. In one set of such measurements t was 48*7 seconds and 
the corresponding times for covering the 0*6 cm distances between successive 
lines are given in Table I. 

Table I 


in cm, from centre 

0'5to 1-0 

1-0 to 1-5 

l'6to2-7 

2*Oto2-5 


Time, in secs Value of C from formula (3) 


7 

0*009 

3-9 

0*104 

2-7 

0*106 

2*0 

0 111 


If the field of flow is represented by (1) the velocity of a particle is 
dxjdi = Cx so that the time of passage of a particle from x, to x, is 
C“^ (log x, — log Xi). Hence 

C = (log X, — log X,) -5- (time from x, to Xj). (3) 

The values of G corresponding with this formula are given in Table I. It 
will be seen that C is nearly constant over the range from 0-5 to 2*6 cm from 
the centre of the camera screen which corresponds with the range 0’2 to 
1*0 cm from the centre of the field in the apparatus itself. 

The values of C in any experiment are proportional to the speed of rotation 
of the cylinder, t.c. , to 1 /t. Taking the average value of C in this set of measure- 
ments as 0*106 corresponding with t = 48*7 it will be seen that in any other 
experiment for which t is measured the flow will be represented by (1) provided 

C = (48*7) (0*105) t-» = 6*1/t. (4) 

The number 6*1 is a dimensionless constant of the apparatus. 


" Pardld Band ” Apparattu 

To produce the flow represented by (2) two endless celluloid bands of cinema 
film S6 mm wide were stretched between rollers, one of which in each case was 
fitted with pins to engage in the regularly spaced holes at the edge of the film. 
The two bands could be driven at any speed in either direction, the ratio of 


2 o 2 
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tlieir Bpeeds being controlled by a continuously variable gear. The bands and 
rollers were contained in a glass sided box the width of which was 3 mm greater 
than that of the film. The apparatus is illustrated in the sketch fig. 3. 

With this construction the speed of the band was definitely related to the 
speed of the rollers so that each revolution of a driving pulley moved the corre- 
sponding endless band through 7 • 10 cm. 



Fia. 3 — ** Parallel band apparatus. 


The distance apart of the bands was 1*36 cm so that if the shearing motion 
of the liquid between them is represented by u' = being measured 

perpendicular to the bands, 
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where and Tg are the times of revolution of the two driving pulleys. If the 
constant C in (1) is chosen to be equal to and if the whole system (2), i.e., 
the axes of co-ordinates (x\ y') is given a rotation with angular velocity ^ 
and if the axes (x\ f) are instantaneously at 45° to the axes (a?, y) then at that 
instant the two fields of flow are identical. Effects therefore which depend 
only on the instantaneous distribution of velocity and are unaffected by a 
rotation of the whole system will be identical in the two pieces of apparatus 
when they are operated at corresponding speeds, i.e., so that C = ^a. On 
the other hand, effects which do not depend only on the instantaneous dis- 
tribution of velocity but are dependent on a sequence of such distributions are 
very different in the two. 

To illustrate the significance of these remarks consider the effect of the two 
kinds of flow of a very viscous fluid on an elongated symmetrical solid body, 
say a prolate spheroid, placed with its long axis in the plane xy. If this body 
is placed in the field of flow (1) with its long axis at angle 0 to the axis of x 
its surface will be subjected to exactly the same stresses that would act on 
it in the field of flow (2) if its long axis were placed at 46° + 6 to the axis of x\ 
The resultant effects of the two fields of flow on the motion of the body over a 
period of time are, however, very different. In the field of flow (1) the body 
will set itself permanently with its long axis parallel to the axis of x, whereas 
in the flow (2) the body will continually roll over and over rotating, at a variable 
speed, about an axis perpendicular to the plane x!y\ 


Calculation of Small Deformations 

Before describing the experimental results obtained with the two forms of * 
apparatus we may see how far theory can predict the effects of the two fields 
of fluid flow (1) and (2) on drops of another fluid immersed in them. 

Suppose that a spherical drop of a fluid of viscosity ]x is immersed in a fluid 
of viscosity jji and that the latter is caused to flow in the velocity distribution 
represented by (u = Cx, t) = — Cy). If the flow is very slow the viscous drag 
will deform the drop only slightly from the spherical form. This small deforma- 
tion will cause only a small change in the distribution of stresses in either fluid, 
accordingly in the stress conditions which must be satisfied at the surface of 
the drop, namely, (a) continuity of tangential stress, and (6) 

T {r{^^ + = constant + (6) 

the stresses may be reckoned as those which occur when the drop is held 



606 


G. I. Taylor 


spherical by a distribution of normal force at the soiface. In equation (6) T 
is the interfacial surface tension between the two liquids, p, and po are the 
normal pressures inside and outside the drop, Cj and are the principal radii 
of curvature of the deformed drop. 

It follows that the analysis previously given by the present writer* for the 
flow in the neighbourhood of a spherical drop can be applied directly in the 
present work. The value of — Po “ therefore 

Pi-Po^ ( 7 ) 

Comparing (6) and (7) it will be seen that it is necessary to find the shape of the 
nearly spherical drop for which the variation in proportional to 

(x* •— y®) It can be verified that for the surface whose equation is 

r + b{x^ — (8) 

4” 46 {x^ — y®) (9) 

Combining (6), (7), and (9) and equating coefficients of the variable part of the 
pressure it will be seen that (8) represents the deformed drop provided 



A convenient method for expressing the results of experiment is to measure L, 
the length of the drop in the direction of the x axis, and B, the breadth in the 
direction of the y axis. These measurements are connected with the constant 
6 of equation (8) by the formula 


B 


so that (10) becomes 


where 


L + B 


5 

a’ 


L-B 

L + B 


+ 16 ^, 

16 |x' + 16 (x’ 


( 11 ) 


( 12 ) 


F == 2Ctx^/T. (13) 

F is non-dimensional. 

It will be noticed that over the whole range of ratios I from 0 to a 
(19|x^ + 16[x)/(16jx' + 16(ji) varies only from 1-0 to 1*187, so that (L — B)/ 
(L + B) is nearly equal to F, 


* “ The viecoaity of a fluid containing small drops of another fluid/* ‘ Proc. Roy. Soo,/ 
A, vol. 188, p. 41 (1932). The expression hero given in (7) is identical with equation (21 
of that paper except that 20 has been substituted for «. 
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For the flow («' = xy', v' — 0) the deformation of the drop at slow rates 
of flow should also be represented by (12), but in that case 

F = [jUMt/r, (14) 

and the long axis should he in the direction making 45° with the axis of 
(i.e., at 45® to the celluloid film as shown in fig. 3). 


Method of Eayperimenl 

In all the experiments to be described the apparatus was filled with golden 
syrup (which is a concentrated sugar solution) diluted with a small quantity 
of water till the viscosity was between 50 and 150 c.g.s. A number of liquids 
which do not mix with water were used for the drop so as to cover a large range 
of values of {if I [l. For low values of e mixture of carbon tetrachloride 
with the paraffin oil sold as “ Nujol ” was made up to be of the same density 
as the syrup and was coloured purple with dissolved iodine. For values of p' 
rather smaller than p a lubricating oil sold as “ BB ” was used. For values 
of p' equal to p a black lubricating oil was used. For values of p' considerably 
greater than p a mixture of coal tar and pitch was made up so that its viscosity 
was about 2000 c.g.s. These values together with the interfacial surface 
tensions ar^ given in Table II. 

Table II 



fx' (0.g.B.) 

T (c.g.B.) 

CClg and paraffin 

0 034 

23 

“ BB oil 

60 

17 

Black lubricating oil 

100 

8 

Tar>pit/oh mixture 

2000 

(23) 


Before setting the apparatus in motion the drop was introduced into the 
syrup by means of a pipette which was lowered through the hole in the top 
of the apparatus. The drop became spherical under the influence of surface 
tension and was photographed in that condition in order to measure its radius. 
The apparatus was then set in motion at a slow speed and adjusted till the 
drop was steady and stationary. A photograph was then taken. The speed 
was then increased and another photograph taken, these operations being 
repeated till some limiting condition such as the bursting of the drop was 
reached. 
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Experiments with the ‘‘ Four RoUer Apparatus 

After introducing the drop at the top of the apparatus the latter was slowly 
set in motion so as to carry the drop towards the middle of the field. After 
prolonged running the drop gradually took up a position in the central hori- 
zontal plane. It was, however, highly unstable so far as horizontal motion was 
concerned tending to move off to the right or left if it got displaced from the 
centre. This instability was controlled by varying the speed of the right- or 
left-hand pair of rollers. It has already been mentioned that the two rollers 
on the right were driven by one shaft and the two on the left by another. 
Each pair was driven by a belt which could be made to slip. When uncon- 
trolled neither of the belts slipped so that all four rollers rotated at the same 
speed. If the drop was observed to get slightly off centre to the right, the 
right-hand pair of rollers was retarded and the drop moved back towards the 
centre. After a little practice it was possible to keep the drop very close to the 
centre of the field. 

The photograph of fig. 4, Plate 4, shows a drop wliioh had been maintained 
in this way symmetrically in the middle of the field for a time which was long 
enough to ensure that the drop and surrounding fluid was in a steady state. 
One-quarter of each of the four rollers is shown in the corners of the photograph 
and the direction of rotation of each is shown by means of an arrow. Each of 
the photographs taken with this apparatus was similar to that of fig, 4, but 
in order to economize space only the part of the field immediately surrounding 
the (kop is shown in the remaining photographs. 

= 0*0003— The sequence of photographs of fig. 6 , Plate 4, shows the 
effect of the field of flow represented by equation ( 1 ) on drops of the CCI 4 
and paraffin mixture (|x' =0*034). At each setting of the apparatus the 
tune of revolution t of the rollers was observed, the apparatus being un- 
controlled during the exposure, and for sufficient time before it, to ensure 
steady conditions. Using equation (4), the constant C was found. The 
diameter 2a of the undistorted drop was measured on the photograph and T 
were measured independently by the methods described in the Appendix so 
that the non-dimensional quantity P = 2 cpia/T could be calculated. 

The analysis of the slightly distorted drop shows that the shape of the drop 
should depend on the two non-dimensional quantities yff^L and F. The shape 
of the drop can be defined by the ratio (L — B) /{L + B) where L is the greatest 
length and B the breadth. For any given value of the experimental 
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results can, therefore, be expressed by means of a single curve giving 
(L™B)/(L+B) for all values of F. In each case the maximum and minimum 
diameters of the photograph? of distorted drops were measured and 
(L — B)/(L -f- B) was found. Under each photograph of fig. 5 the measured 
values of F and (L — B)/(L + B) are given and over each photograph the 
radius a of the drop in centimetres. 

In the first series of photographs (fig. 5) it will be seen that at the slowest 
speed, F “0*18, the drop is only slightly distorted from the spherical form, 
and the distortion, measured by (L — B)/(L + B), is 0*16. In this drop 
=^0*034/100 = 0*00034 so that the predicted relationship (12) is nearly 
exactly F = (L — B)/(L + B). The experiment therefore is in good agree- 
ment with the theory. 

In the second photograph of fig. 6 F = 0*28 and (L — B)/(L + B) = 0*20, 
so that the theory still appears to represent the experimental conditions. In 
the third photograph the drop has developed into a form which is very far 
from spherical, indeed the ends have become pointed, so that the theory can 
no longer be applied. It will be noticed, however, that F =0*41, (L — B)/ 
(L + B) =0*44, so that the theoretical relationship for small deformations 
is still nearly correct. The drop shown in photograph 3, fig. 5, was not in a 
truly steady state, for after developing the point shown in the photograph a 
thin skin appeared to slip off its surface and the ends of the drop again became 
rounded. This condition persisted, as shown in the fourth photograph, till 
F 0 * 54. At F — 0 * 65 (fifth photograph) the ends of the drop again became 
pointed and these points remained as F increased up to the highest speed at 
which the apparatus could be operated. 

The sixth, seventh, and eighth photographs, fig. 5, show a pointed drop which 
increases in length and decreases in thickness with increasing speed. Thus 
as F increases ftom 0*65 to 2*46 (L — B)/(L + B) increases from 0*51 to 
0*87. It was not possible to realise values of F higher than 2*45 because the 
ends of the drop got into the region where the field of flow ceased to be even 
approximately that represented by (1). There was no sign, however, that 
the drop would have burst even if considerably higher speeds had been 
attained. 

The results described above, together with some others for which the drop 
is not here reproduced, ore shown graphically in fig. 6 where values of F and 
(Xj B)/(L + B) are plotted in a diagram. The theoretical relationship 
F (L — B)/(L + B) applicable to small values of F is shown by means of 
a broken line. 
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jx7|Jt =0*9 — ^Dsing black lubricating oil for which |x' = 100 o,g*s. in sjnrup 
for which \l = 110 c.g.s. the value of [jl'/ia was 0*91. The interfacial surface 
tension T was found to be 8*0 c.g.s. A drop of oil 0*144 cm diameter wae 
used and the series of photographs shown in fig. 7, Plate 6, were obtained. 
In the first of these the time of revolution of the rollers was 97 seconds so that 
from (4) and (IS) 

10*2 (0* 144) (110 )_n.oi 
(8-0) (97) 

The value of (L — B)/(L + B) obtained by meaauiing the photograph waa 
0-19 and its theoretical value from (12) is 1'09F = 0*23. It will be seen. 



liierefore, that the observed value 0 • 19 is in fair agreement with its theoretical 
value 0 •23. The error is certainly not greater than that which arises firom the 
uncertainties involving in measuring T. 

The second photograph shows the drop at F = 0*80 when the theoretical 
value of (L — B)/(L 4- B) was 1’09 (0*30) — 0‘33. The observed value 
was 0*29 so that again the theory is confirmed. In the third photograph 
F == 0’37 and the drop has become much elongated. The observed value of 
(L “ B)/(L + B) = 0’54 is now considerably greater than the value 
(1-09)(0’S7) =0-40 obtained by extrapolating the theory. 

When the speed reached the point at which F 0*39 the drop began to 
puU out into a thread-like form. This is shown in the fourth and fifth photo- 
graphs of fig. 7 which were taken while the drop was bursting in this way. 
Shortly after taking the fifth photograph the apparatus was stopped. The 
thread of oil which had seemed quite stable while the apparatus was in motion 
then graduaUy broke up into a number of small drops. The final appearance 
of the oil in this condition is shown in the sixth photograph of fig. 7. 
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These results are shown graphically in fig. 8. It will be seen that when 
= 0-9 the drop remains coherent so long as F < 0'39 but burst as soon 
as F reaches this value. This is indicated by the broken line continuation of 
the curve. 

(I'/fA = 20 — To investigate the effect of high viscosity of the drop a mixture 
of tar and pitch was made with viscosity 2000 c.g.8. This had a density not 
far from that of the syrup, namely, 1 -40. In these experiments the viscosity 
of the syrup was 99 c.g.s. No way was found for making an independent 



Fiq. 8 — “ Four roller ” apparatus. Black lubricating oil, (i'/l* = 0*9* 

and reasonably accurate measurement of the interfacial surface tension. 
On the other hand, if the truth of the theory of slightly deformed drops is 
assumed equations (12) and (13) can be applied to find T. 

A drop 0*16 cm radius was used. The first photograph, fig. 9, Plate 4, 
shows tibis drop in its undeformed condition. The apparatus was set in motion 
so that the time of revolution t of the rollers was 54 seconds and the second 
photograph of fig. 9 was taken. By measuring this photograph it was found 
that (L ~ B)/(L 4- B) «b 0‘16. Takrng m 20 in (12) the theoretical 




612 


G. I. Taylor 


value of (L — B)/(L + B) is 1'18F 80 that if the theory is correct F == 0*16/ 
1 *18 = 0*13. Referring to equation (13) it will be seen that when a “ 0*16, 
T “ 54, [jL — 99, then the value of F is 0*13 provided T = 23. This value is 
given in Table II in brackets and is available for use in further experiments 
with the tar-pit(;h mixture. 

On increasing the speed of the rollers till t == 24 seconds the drop was found 
to be bursting. The third photograph of fig. 9, Plate 4, shows the drop in the 

act of bursting. Using T — 23 c.g.s. the cor- 
responding value of F was 0*28. It appears, 
therefore, that when /{i = 20 the drop 
bursts for some value of F rather less than 
0-28. 

These results are indicated in the diagram, 
fig. 10. 
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Experiments with ihe^ '' Parallel Band ” 
Apparatus 

This apparatus was driven by a motor 
through various reduction gears and a variable 
gear so that the speed could be varied and 
also, independently, the ratio of the speeds of 
the two bands. A drop of fluid was placed in 
the apparatus and photographed. The appara- 
tus was then set in motion. If the drop 
happened to be placed exactly mid-way be- 
tween the bands it would remain at rest when 
0*4 they both moved at the same speed. If the 


^ „ drop was not quite central then it could be 

tar.pitch mixture, p'/p 20 . ^^ought to rest by ad]ustmg shghtly the ratio 

of the speeds of the two bauds. 

When the conditions had become steady a photograph was taken and the 
speeds of both bands measured by timing the revolutions of the driving rollers. 

jx'/jx = 0*0003 — drop of the same mixture of CCI 4 and paraffin as that 
used in the ** four roller ” apparatus was introduced. The first photograph 
of fig. 11 , Plate 5, shows this drop before starting the apparatus. The dark 
horizontal lines at the top and bottom are the celluloid bands which in the 
apparatus itself were vertical. The arrow above the whole series of pictures 
shows the direction of motion of the band which is at the top of the photograph. 
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The other band moves in the opposite direction. Measurement of the first 
photograph showed that the radius of the drop was 0*167 cm. 

The second photograph of fig. 11 shows the drop distorted by viscous drag, 
the two periods of revolution of the driving rollers being Tj = 192 seconds, 
Tj =: 233 seconds. It will be seen that the long axis of the distorted drop lie 
at about 45° to the bands, i.e., in the direction in which lines of particles are 
elongating at the greatest rate. In this experiment it was found that 
[X “ 123 c.g.s., so that from (5) and (14) 

F = (5-22) (0-157) (123) T^^ (t^^ + 

If T is taken as 23 c.g.s. this becomes F = 4-4 (ti”^ + Tjj”^) bo that F =0-04, 
Measurement of the photograph gives (L — B)/(L + B) — 0*08 so that the 
theoretical relationsliip F == (L — B)/(L + B) is not fulfilled. 

The third photograph taken when F == 0*10 gives (L — B)/(L + B) = 0*22 
so that again the observed value of (L — B)/(L + B) is about twice as great 
as the prediction. The consistency of the error makes it seem probable that 
the surface tension of the drop in the syrup was considerably less during this 
series of experiments than it had been previously, probably owing to imptirities 
in the syrup. The sequence of drops shown in the eight photographs of fig. 11 
shows that as the speed of the apparatus is increased the drop elongates but 
does not burst even at the highest speed obtainable. The highest value of F 
shown in fig. 11 is 2-30, but this photograph was obtained with a different 
filling of syrup from the others. One experiment, however, was tried with 
a very largo drop (a =» 0 • 54) and it was found that this drop was still co- 
herent at F 6-3 if T - 23 (or F == 11 if T 11). 

It will be noticed that the fifth photograph of fig. 11 shows a thin streak 
coming off from each end of the drop. This was a transdent phenomenon and is 
evidently the same as that previously described in connection with the third 
photograph of fig, 6, Plate 4. 

The results obtained with two fillings of syrup are set out in fig, 12 as 
“ First series and “ Second series.” 

(x7 ^ 0 - 6 — Using fresh syrup and a drop of “ BB ” oil the results set forth 
in Table III were obtained. T was measured independently and found to be 
17 c.g.s. In the first set of observations p. was 135 c.g.s. while in the second 
it was 110 c.g.s. The second set is shown in the photograph, fig. 13, Plate 5. 
It will be seen that for low values of F the drop is, aspredicted, an ellipse with 
its long axis at 46° to the celluloid bands. As the speed of the apparatus is 
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increased the drop becomes elongated till at F == 1*43 a steady motion ceases 
to be possible and the drop elongates into a thread-like form. 



Fio. 12 — “ Parallel band ” apparatus. CCI^-paraffin. (i7^ = 0'0003. • First series ; 
[3 Second series. 

Table 111—“ BB ” oil drop in “ parallel band ” apparatus, (t' = 60, T = 17 


a (cm) 

M 

T, (BOCB) 

Tg (secs) 

T 

L + B 

0 140 

110 

62 

61 

0-17 

0-17 

0*107 

136 

167 

828 

0-05 

0-07 

0123 

136 

99 

87 

0*11 

• 0-10 

0-123 

135 

83 

85 

0-12 

0-19 

0 123 

135 

24 

25 

0-42 

0-45 

0-101 

135 

9-5 

10-5 

0-84 

0-60 

0-100 

135 

7-0 

8-0 

M2 

0-81 

0-100 

135 

6-5 

6-2 

1-43 

burst 



These results ate set out graphically in fig. 14. For ft'/p. » 0*5 the theoretical 
relationship {12) is (L — B)/(L -f- B) = 1 -OOF. This is represented in fig. 14 
by a broken line. It will be seen that the agreement is good. 
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(i7tA=»0*9 — With the same black lubricatmg oil which had previously 
been used in the “ four roller ” apparatus, the results given in Table IV were 
obtained. Some of the photographs are shown in fig. 16, Plate 5. It will be 
noticed that when F = 0-28 the drop is not 8}nnmetrical, one end being more 
pointed than the other. This asymmetry is still more pronounced when F = 
0-56. It always occurred when there was a large difierence in density between 
the drop and the sjrrup. 

Table IV — ^Black lubricating oil in syrup, “ parallel band ” apparatus. 


a 

(X = no , 

Tj (secs) 

fx' = 100, T 

T, (socs) 

==8*0 

F 

B 

iTT^ 

0*097 

262 

207 

0*06 

0-07 

0 097 

141 

111 

0*11 

0*16 

0 097 

92 

71 

0*17 

0*22 

0 097 

67 

44 

0*28 

0*46 

O'Oao 

40 

31 

0*36 

0*63 

0*086 

22 

23 

0*66 

burst 



0 0‘2 0-4 0-6 


F 

Fia. Parallel band ” apparatus. Black lubricating oil. (x'/n =» 0’9. 

The relationship between (L -- B)/(L + B) and F is shown in fig. 16 and 
the theoretical relationship for p'/ti- —0‘9, namely, (L — B)/(L4- B) =1’09F, 
is there shown by a broken line. 
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{Ji'/jx = 20 — ^Using the pitch and tar mixture for which (x' was about 2000 
c.g.s. the drop again became elliptical with its long axis at 45° to the celluloid 
bands when the apparatus was run at very slow speeds. This is shown in the 
second photograph of fig. 17, Plate 5, taken when F — 0*08, * As the speed 
increased to F *=0-27, third photograph, fig. 17, the drop became slightly 
more elongated, but its long axis became more nearly parallel to the celluloid 
bands. At F = 1*13, fourth photograph, fig. 17, its deformation was only 
slightly greater than at F = 0*27 and its long axis was still more nearly 
parallel to the bands. At F = 1-69, fifth photograph, fig, 17, its shape and 
orientation were almost identical with those at F = 1 * 13, 

In comparing these results with those shown in fig. 9, Plate 4, which were 
obtained with the “ four roller ** apparatus, a very striking difference will be 
noticed. In the four roller ’’ apparatus the drop burst at a very low speed 
represented by F =0-28. In the “ parallel band '' apparatus the drop did 
not burst however fast the apparatus was run. On the contrary, it attained at 
high speeds a constant condition in which (L — B)/(L + B) was 0*26 and 
the long axis was parallel to the bands. 

The explanation of this phenomenon is simple. In the “four roller*' 
apparatus, which produces the field of flow (I), the lines of particles which are 
extending at the greatest rate, namely, those parallel to the axis of a;, remain 
in the direction of maximum rate of elongation as long as the flow continues. 
The disruptive stress due to the viscous drag of the syrup is therefore always 
tending to extend the drop in the same direction. As soon as this stress is 
able to overcome the cohesive effect of surface tension the drop bursts. 

In the parallel band " apparatus the lines of particles which lie in the 
direction of maximum rate of elongation, namely, at 45° to the bands, are 
continually being rotatexi away from that position towards the line parallel 
to the bands which is neither elongating nor contracting. After attaining 
this position further rotation brings the line of particles into an orientation 
where they are contracting. When the drop is very viscous compared with the 
surrounding medium it rotates almost like a slightly plastic solid body, lines 
of particles in it elongating slowly while they are within 45° of the direction 
of maximum rate of elongation and contracting slowly while they are within 
45° of the direction of maximum rate of contraction. In this way the surface 
of the drop attains a permanent position with its long axis parallel to the bands. 
The tar-pitch mixture rotates round inside this fixed envelope ; in fact, accidental 

• The values of F are found by assuming T === 23 C.g.a., see Table II, and p, 607. 
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small unevennesses could be seen to move round the contours of the drops. 
As the speed increases the viscous stresses in the surrounding medium and in 
the drop itself increase in the same ratio. The stresses due to surface tension 
do not increase so that ultimately at comparatively high speeds the drop 
assumes a form which is quite independent of surface tension. 

Analytical Treatment of very Viscous Drop 

The idea just put forward can be analysed mathematically in the case when 
|x' is large compared with [x and the speed is so great that the forces due to 
surface tension can he neglected compared with those due to viscosity. 

Referring to the treatment* previously given for finding the distribution 
of flow inside and outside a drop held spherical by surface tension the con- 
ditions of continuity of velocity at the surface of the drop must be satisfied 
so that equations (8) and (9) of the previous paper still hold. These are 

(8a) 

2B.3 + ia - ^Aa + 28^. (9 a) 

The condition of continuity of tangential stress is 

A_3-16B_, + a=li(i^A* + 4B,). (17 a) 

Neglecting the effect of surface tension the condition of continuity of normal 
stress is 

|i (Y - fi) = (y' - P') 

or 

|x (- 3A_, + 24B_, + *) = (- #TAa + 4B,). (17b) 

The solution of equations (8a), (9a), (17a), (17b) is 


(16) 


Keferring to equation (6) of the previous paper (loc. cit., p. 43) the components 
of velocity at the surface are 

u = 2B,o cos ^ sin 6, v — — 2Bo sin ^ sin 6, w = 0, (16) 

* “ The Viscosity of a Fluid Containing small drops of another fluid,” ‘ Proc. Roy. Soc.,’ 
A, vol. 138, p. 41 (1932). 

2 P 




0 , 


‘ 4 (2[i' + 3a) 


VOL. 0XLVI.~A. 
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where 


sc — a cos ^ gin 6, 
When ii' I \i is large these are 


y = a sin ^ sin 0. 


w = 4 oa cos ^ sin 6, v = — 2 aa sin J> sin 6. (17) 

[L fX 

This expression gives the instantaneous rate of deformation of the drop referred 
to Polar co-ordinates (6, <f>) at 45*^ to the celluloid bands of the apparatus, 

In the central plane 0 = Itc the radial component of velocity is 


2aa-l^cos2^. (18) 

It has already been pointed out that the condition of a drop in the shearing 
field {u' = ay, v' = 0) is identical with that in the field (w ^ Jaa:, n — jay) 
when (x'y') is at 45® to {xy) when the latter is rotated with angular velocity ^a. 
If the result of this rotation and this rate of deformation is to keep the outer 
surface of the drop in a fixed position in the apparatus though the particles 
move round on it, and if this surface is nearly spherical its central section may 
be represented by the equation 


r=:.a{l + 6/(^)}. (19) 

The condition that this surface may remain fixed in space is that the com- 
ponent of velocity normal to the surface due to rotating it at angular velocity 
^a shall be equal to the radial component of velocity of deformation. Thus 

(<^) = 4aa ^ cos 2<l>. (20) 

The solution of (20) is ^ 

bf {<jf) = J ii gin 2^, 

and the equation to the surface is therefore 


r = a(^l + f -!i Bin2^). (21) 

JX y 

Remembering that ^ = 0 is the line at 46° to the celluloid bands of the appaiatua 
it will be seen that (21) indicates 

(a) that the long ajcis of the drop is parallel to the bands. 

(b) the ratio (L - B)/(L + B) is equal to J ((x/(i'), (22) 

and this ratio is independent of the size of drop and speed of the apparatus. 
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Photographs were taken with a view to verifying the formula (22). In 
each case the value of (L — B)/(L -f- B) was about 0*26, while the value of 
i (x/p,' was about 0*07, so that (22) was not verified quantitatively, though the 
prediction that the drop will assume a permanent shape with its long axis 
parallel to the bands was verified (see fig. 18), 



CondttMons 

It has been shown that when a drop is slightly distorted from the spherical 
form by the stresses in a viscous fluid which is in motion round it the deforma- 
tion depends only on the instantaneous conditions. The drop becomes 
elongated in the direction along which lines of particles are elongating at the 
greatest rate. Thus in the four roller ” apparatus the long axis of the drop 
is horizontal while in the “ parallel band apparatus it is at to the bands. 
The shape of a slightly deformed drop is in complete agreement with a theory 
which shows that 

L B _ 19[ji' + ll>tA Y 
L + B ^ 

As the viscous drag on the surface of the drop increases the drop elongates, 
but its shape no longer depends on the instantaneous conditions of flow. Thus 
the two types of apparatus produce different effects. The ultimate fate of 
the drop as the speed of distortion of the outer fluid increases depends also 
very much on the ratio fx'/ p. For very small values of jx'/ |x, e.g., 0-0003, the 
drop remains coherent in spite of the fact that it gets very long and narrow 
in both types of apparatus. 

As the viscosity of the drop increases the speed necessary to burst it gets 
less with both kinds of flow : thus, with the “ parallel band ” apparatus, it 
bursts when F = 1 *2 approximately, for fx'/l^ = For fx' == p. it bursts 
at F =0*6 with the parallel band apparatus, and F — 0*4 with the “ four 
roller ” apparatus. 


2 p 2 
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When \ifl\ 3 L hfts increased to 20 the two kinds of disrupting field have very 
different effects. In the four roller apparatus the drop bursts at F = 0*28, 
whereas the “ parallel band ” apparatus seems incapable of bursting the drop 
even at the highest speeds attainable. At high speeds in the latter apparatus 
the drop, in fact, attains a constant shape which depends only on In this 

condition theoretical considerations lead to the prediction that 

{L--B)/(L + B)-5p/V, 

but this formula is not confirmed by these experiments except that the drop 
does assume a constant shape. 

It is remarkable that in the parallel band ** apparatus the ease with which 
the drop can be burst increases as the viscosity of the drop rises from small 
values to be equal to that of the surrounding medium, but when the viscosity 
of drop rises to be several times as great as that of the outer fluid the viscous 
drag of the latter is incapable of bursting it however big the viscous stresses 
may be. The drop merely rotates, remaining nearly spherical. 

Finally the manner in which the drops burst is of interest. The act of 
bursting is always an elongation to a threadlike form. When this thread 
breaks up it degenerates into drops which are of the order of 1 /100th of the 
size of the original drop. This seems to be related to the known fact that 
when an emulsion is formed mechanically it contains drops which cover a 
very large range of sizes. 

The experiments here described were carried out in the Cavendish Laboratory 
through the kindness of Lord Rutherford, to whom the author wishes to 
express his thanks. 


Summary 

The distortion of a drop of one fluid by the viscous forces associated with 
certain mathematically definable fields of flow of another fluid which surrounds 
it is discussed. An expression is found for small distortions from the spherical 
form which occur at slow speeds. If L is the greatest, and B the least diameter, 
(L B)/(L + B) = F approximately, where F is a nomdimensional quantity, 
proportional to the speed of flow, which involves the surface tension, viscosity, 
and the radius of the drop. 

Apparatus for producing in golden syrup two definable fields of flow were 
constructed and their effects on drops of various oily liquids were observed 
and registered photographically. 
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Agreement with theory was found in the range of low speeds where agreement 
might be expected. At higher speeds the effect produced by the flow varies 
greatly with p. and being the viscosities of the syrup and drop. 

For yJI[L=^0'0{)0d the drop elongates almost indefinitely, but does not 
burst at the highest speeds attainable. For the drop burst at 

F = 1 *4. For fx — jx' the drop burst at about F = 0-5. For (x'/fx ~ 20 the 
drop burst at F — 0-3 in one type of field, but in the other the drop did not 
burst even at the highest speed attainable. 

The difficulty experienced in bursting drops of viscous fluid by a disruptive 
field of flow in a surrounding fluid of considerably less viscosity is shown to be 
qualitatively in accordance wdth a theory of drops in a laminar shearing field 
of flow' when F and [x'/^x are both large. 

According to this theory (L *“B)/(L -f B) = 

5 [1/4 [x'. 

AprKNDix 

MeasurenmU of Viscosity — For the oils, and 
the 8}rrup viscosity wns measured by weighing 
the amount of fluid flowing in a given time 
through a glass tube. This n)ethod was un- 
suitable for measuring the viscosity of the 
highly viscous mixture of tar and pitch, ac- 
cordingly the apparatus shown in the sketch 
of fig. 19 was constructed. 

A brass cylinder A 1-27 cm diameter x3-9 
cm long was hung by a fine steel wire from 
the torsion head B. A small metal dish con- 
taining a washer 1'2 mm thick was placed below it and the torsion head 
gently lowered till the bottom of the cylinder was just in contact with the 
washer. * The washer was then removed and some of the tar-pitch mixture 
was dropped into the dish so that the deptli was slightly more than 1 '2 mm. 
The brass cylinder was then carefully dropped on to the surface of the 
mixtixre so that it was separated from the dish by a disc of the mixture 
1*2 mm thick Xl‘27 cm diameter. A light pointer C served to mark the 
position of the cylinder as it rotated about its vertical axis. 

If the torsion head was rotated suddenly through an angle % the cylinder 
would begin to rotate in the same direction, the rate of rotation being pro- 
pcnrtional to 6^ — 0 where 6 is the angle of rotation of the cylinder from its 
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ini'tial poaitioii. If the torsional couple of the wire is K (6g — G) and this is 
equal to the couple due to action of viscosity \i' on the base of the cylinder. 


then the equation of motion is 


K(Oo-O) 



■“27tr*dn 

>0 A ’ 


(23) 


where d is the thickness of the disc of fluid which in this case was 0*12 cm 
and 2a =^1*27 cm. The right-hand side of (23) is in c.g.a. unitB2*12 d^ldt. 
To find K the cjiinder was allowed to oscillate freely and its period timed* 
In this way it was found that K ==:2-ll X lOMn c.g.s. units. Hence (23) 
becomes on integration 


log 



211 t 
2-12 [x' 


- lOOf/ix'. 


(24) 


In making measurements it was found convenient to turn the torsion head 
suddenly through half a turn so that 0^ — tt. The time taken for the cyhnder 
to turn through and 37r/4 was observed and it was found, as would be expected, 
that the time for 37x/4 was exactly twice that for 
Using formula (24) it will be seen that the time corresponding with 6 — 
is (x' loga 2/100, while that corresponding with 6 — 37r/4 is pi' loga 4/100. 

This apparatus was used in making a mixture of tar and pitch of the desired 
viscosity. In the mixture chosen for some of the experiments the time for 
0 = ^71 was found to be 14 seconds while that for 6 — 37i/4 was 28 seconds, 
so that p — (100)(14)/log2 2 — 2 X 10* c.g.s. 

Mmsiirement of Surface Tension — In measuring the interfacial surface 
tension between two liquids one or both of which are very viscous it is advisable 
to avoid the use of any apparatus containing an appreciable length of capillary 
tube, for this may unduly prolong the time necessary for the system to attain 
equilibrium. In the present work the surface tension was measured by means 
of the apparatus shown in fig, 20. This sketch is self-explanatory. The syrup- 
oil interface was at the end of a very short length of capillary tube whose 
internal diameter was 0*37 mm. The syrup was in an open glass- walled 
box and the interface could be observed through a microscope. The oil was 
in a U-tube and the pressure of the air over the air-oil surface, which was of 
large area, could be varied and measured by a manometer. 

The air pressure was first adjusted tUl the syrup-oil interface appeared flat 
in the microscope (the oil wetted the glass) and then measured. The air 
pressure was then increased till it attained its maximum steady value when the 
interface was hemispherical. The difference between the air pressure when 
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the interface is flat and the air pressure when it is hemispherical with radius 
a is 2T/a. 

With this apparatus the values given in Table II were measured. 




Fici. 20 — Apparatus usod for measuring surface tension between oil and syrup. 


DESGRIPTION OF PLATES 4 AND 5 

Fro. 2 — Stream lines in “ four roller ” apparatus. 

Fto, 4 — Large drop in ** four roller ’* apparatus. 

Fxo. 5 — Drops of OCl4-para19^ mixture in ** four roller ” apparatus. 
Fia. 7— Drops of black lubricating oil in “ four roller *’ apparatus. 

Fio. 9 — Drop of tar-pitch mixture in “ four roller ” apparatus. 

Fra. 1 1 — Drops of 0Cl4-paraffin mixture in “ parallel band ” apparatus. 
Fiq. 13 — Drops of “ BB ** oil in “ parallel band apparatus. 

Fia. 15 — ^Drop of black lubricating oil in “ parallel band apparatus. 
Fio. 17 — Drop of tar-pitch mixture in parallel band ” apparatus. 
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The Efnission of Electrons under the Influence of Chemicctl Action 
Part IV — The Reactions of Liquid NaK, with Qaseous SOCl*, 
SjCla, SOjCla, HgCla, Sulphur Bichloride and with Mixtures of 
Oases and a New Method of Determining the Contact Potential 
Difference 

By A. K. Denisoff, University of London, King's College, and 0. W. 

Eichakdson, r.R.8., Yarrow Research Professor of the Royal Society 

(Received June 6, 1934) 

§ 1 — Introduction 

In two earlier papers,* which we shall refer to as Part I and II in the sequel, 
we described a very detailed investigation of the electron emission phenomena 
which occTir when the liquid alloy of sodium and potassium reacts with phos- 
gene, COClg, at very low pressures. In Part II we also gave a brief account of 
some of our principal conclusions from the results of experiments in which 
22 gases were examined. In a third paper,! HI* we gave a detailed 
description of the corresponding phenomena observed with a variety of gases, 
namely, CI2, NOCl, HCl, Br^, Ig, COS, NjO, and H2O. A comparison of the 
data obtained with CI2, COClg, and NOCl disclosed a linear relation between 
the dissociation energy involved in the reaction and the maximum energy of 
the emitted electrons. A theory of the way in which we supposed this con- 
nection to originate had already been given in Part II. With the particular 
purpose of testing further the generality of this relation, as well as of widening 
the basis of our information as to the details of the energy distribution among 
the electrons emitted in different reactions, we selected for our next experiments 
a group of gases containing chlorine. The gases chosen were SOCI2, SgClg, 
SO2CI2, HgCl2, and 83014.+ We expected that one of the immediate results 
of the reaction of these gases with the liquid alloy would be, as in the case of 
CI2) COCI2, and NOCl, the adsorption of a Cl~ ion on the surface of the alloy ; 
consequently the same theory should apply to all of them. 

The parts of this paper which follow immediately are concerned with a 
description of the results of the experiments with these five additional gases 

• ‘ Proo. Roy. Soc./ A, vol. 1S2, p. 22 (1931). Part 1 ; vol. 144, p. 46 (1934), Part II. 

t ‘ Proo. Roy. Soc./ A, vol. 146, p. 18 (1934), Part UI. 

t We believe that under the conditions of our experiments the molecules of sulphur 
diohloride are in the dimerous form (SCI,), see § 6). 
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containing chlorine. We next describe experiments which we made with 
mixtures of COCI 2 with COS, and with S 2 CI 2 , and of SOCI 2 with S 2 CI 2 . The 
object of these was to test the additive property of the chemical electron 
emission. We then go on to describe a new method of detennining the contact 
potential difierence between the alloy drop and the surrounding platinum 
electrode in presence of the different gases. We regard the results given by 
this method as of great importance in establishing the interpretation of the 
experimental data on a firm basis. This is followed by an analysis of the 
electronic spectra of the gases to be described in this paper. The primary 
object of the analysis consists in identifying the different groups in a composite 
electronic spectrum with the corresponding mechanisms of the reaction ; the 
analysis is conducted in the light of our previous experience with the reactions 
involving halogens and also in the liglit of some new general considerations 
of the kinetics and of the electronic yield of the chemical reactions. The 
electronic spectra, having been thus analysed, are then applied to test the 
fundamental relation between the dissociation energy, involved in a certain 
reaction, and the maximum energy of the emitted electrons of the group 
originating from the reaction with the corresponding mechanism. Finally 
we present the energy distribution functions obtained with the gases under 
consideration. 


§ 2 — The Expemm^Ual Results for SOClj, S 2 GI 2 , SOgClg, HgClg, 

mul SgCl^ 

The substances under investigation, SOClj, SaClj, SOaClg, HgClg, and sulphur 
dichloride, were supplied in the purest form obtainable by Schering-Kahlbaum, 
A.G., Berhn. All of them except HgClg are liquids at room temperatures, and 
at 0° C have vapour pressures within a range of about 5 to 60 mm of mercury. 
To ensure the purity of the gases used in the experiments about half a cubic 
centimetre of the liquid was first conveyed to a vertical glass tube (No. 10 
in fig. 1, Part I), about 1 cm in diameter, immersed in liquid air and connected 
to the main vacuum system. The tube with the liquid was then pumped 
out, through a side tube having a constriction for sealing off, by a rough 
vacuum pump which gives a vacuum of about 1 mm of Hg ; at the same time 
the temperature of the liquid was gradually increased from about -“180*’ C 
towards 0® C. The pumping out continued until theare was no more visible 
evolution of gas from the liquid ; the glass tube with the liquid was then sealed 
off from the rough vacuum pump. Any remaining volatile impurities were 
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pumped out of the liquid by the high-vacuum pump, through the main glass 
system, at various intervals of temperature between about —60^ C and —180'^ C* 
The experiments with the liquid substances were made in the same way 
and with the same apparatus as those with the other gases which we have 
described in the previous papers. As mercury chloride is in a solid state at 
room temperatures and has a very low vapour pressure (about 5 X 10“® mm 
at 15° C, as extrapolated from the data for the range 60-200° C), a new method 
for supplying the active gas was used to obtain the necessary pressure con- 
ditions in the reaction chamber. The method is illustrated schematically 
in fig. 1 ; the tube, containing some crystals of HgC^, was placed between two 
glass spheres which were connected together by means of a low resistance 
glass tube and a tap which had a large opening about 8 mm in diameter. With 
such an arrangement it was possible to obtain in the reaction chamber a 



pressure of HgClj about 1 x 10~® mm, when the room temperature was 
about 20° C. The apparatus showed a great permanence of pressure con- 
ditions, as can be judged by the electron current which was constant within 
2% during 2 hours of the actual experiment. 

The efiect of the pressure of each of these gases on the contact potential 
difference was of the same general character as that observed with the gases 
already investigated. But the magmtude of the variation in contact potential 
difference with pressure was considerably less than, for instance, for Clj. 

A reverse current was observed with each gas except HgCl*. For this gas 
the direct current is so small that a detectable reverse current is hardly to be 
expected. In Table I we give the ratios of the reverse current to the 
direct saturation current (io) due to electron emission for the different gases 
at a number of pressures. It wiU be seen from Table I that the ratio 
was small and comparable with For Hg01j|» owing to the small absolute 
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value of «o, only an upper limit for the ratio can be estimated which is about 
S X 10“^. On account of the smallness of the reverse ourrents we cannot say 
that the variation of this ratio with the pressure exceeds the experimental 
error with any of the gases. 

Table I 


Gas ! SOOl, 8,C1, SO, Cl, S.Cl, 

Pressure in 1 X 10-‘ mm 0-2 0-5 2 0 0-4 1-8 0 1 O-.l 0 05 0-2 10 

I'o/*', in 10-* 13 4 4 10 8 0-0 0-4 1 3 6 


The general form of the function = / (p) is the same for all the gases. 
Unfortunately, this relation for S 2 CI 2 was obtained only in the region of low 



pressures ; the experimental points for this gas are indicated by crosses in 
fig. 2 and it can be seen that they follow exactly the trend of the SOCI 2 curve, 
the experimental points of which are indicated by circles. The vertical scale 
readings for the S 2 OI 2 data should be multiplied by 4*5. An accurate deter- 
mination of the function f {p) for HgCl 2 could not be made on account of its 
low vapour pressure ; nevertheless, a general observation definitely showed 
that is a very sensitive function of the pressure, quite similar to tikat of all 
the other gases. The vertical scale readings for the curves obtained with 
8 O 2 CI 2 and S 2 CI 4 , which are shown in fig. 2 , should be multiplied by 10 and 
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the curves are also arbitrarily shifted to the right from y = 0 by I and 2 units 
respectively. All the curves in hg. 2 were obtained at approximately the 
same time of drop T and time of exposure dt^ namely, the SOCI 2 curve at 
T :=== 30 sec, dt ^ 25 sec, the data at T == 40 sec, dt == 30 sec, the 
SOgCla curve at T =- 38 sec, dt 30 sec, and the curve at T = 35 sec, 

dt = 30 sec. At a pressure p about 3 X mm (absolute values of the gas 
pressure are rather imcertaiii, owing to the Pirani gauge having been calibrated 
only in Ng) the relation ijp — constant changes sharply and becomes trans- 
formed at higher pressures into another form (i^y . p = constant, where a 
is a constant for a given gas, which depends on the rate of formation of the 
drops and on the time of exposure. This can be seen from the straight line 
which is obtained when log^o plotted against logjo p. A plot of this kind 
for SOCI 2 is shown as an inset in fig. 2. 

We shall now give the characteristic curves and the log vs. plots 
which we have obtained for each of the five gases investigated. The character- 
istic curves are obtained by plotting ijtQ against Vj where i is the actual 
measured negative emission current when tlie potential difference between the 
drop of alloy and the surrounding platinum electrode is Vj and is its maximum 
or saturation value which it assumes when Vj becomes greater than a certain 
value. Vj is not equal to the true difference of potential V between the 
electrodes. They are connected by the relation V — + K, where K is the 

contact potential difference between the drop and the outer electrode. 

1 Thionyl Chloride (SOClg) — From the four independent sets of experiments, 
which give practically identical results, we have selected two characteristic 
curves, as representing the most accurate observations. These curves are 
shown in fig. 3 ; the observations marked O were obtained at p = 5 X mm, 
T = 30 sec, dt — 25 sec, iy 1-2 X amp, and those marked # refer 
to p — 2‘0 X 10 *® mm, T = 32 se<^, dt = 25 sec, 3*6 X 10'’^ amp. 
The latter curve is arbitrarily shifted to the right from Vj == 0 by 0*5 volt. 
The corresponding logarithmic plots are shown in tig. 4. In all the diagrams 
the true zeros (V = 0) are indicated by arrows. 

2 Sulphur Chloride (S 2 CI 2 ) — Figs. 3 and 4 show two characteristic curves 
and the corresponding logarithmic plots for SgClj. The circles in figs. 3 and 4 
ate arbitrarily shifted to the right feom Vi —0 by 0*8 and 1-3 volts respec- 
tively, and the dots are shifted by 1*4 and 2 volts respectively. The experi- 
mental conditions for O were : p = 1 *8 X 10“® mm, T 46 sec, dt = 30 sec, 
ty ==:l-0 X 10"» amp, and for #: p == 0-36 X 10“*^ mm, T=S8 sec, 
dt^SO sec, iy 3-0 X 10-^0 amp. 
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3 Stdphuril Chloride (SOjClj) — ^Figs. 6 and 6 exhibit two charaoteiistic: 
curves and the corresponding logarithmic plots for S 02 C 12 - In each figure 
the points marked O were obtained at p = 2’5 X 10“* mm, T=40 sec, 
dt = 30 sec, io = 6-0 X 10"* amp, and those marked # at p = I'O X 10~* 
mm, T = 38 sec, <* = 30 sec, = 2 - 2 X 10“* amp. The circles are correctly 
placed with respect to the Vj scale and the dots in figs. 5 and 6 are arbitrarily 
moved to the right by 0 ■ 7 and 0 • 6 volt respectively. 



4 Mercury CMoride (HgClj)— Two characteristic curves for HgClj are 
shown on the right of fig. 6 . The curve marked O was obtained at p = co. 10~* 
mm, T = 32 sec, dt == 1 min 30 sec, = 3*8 x 10~“ amp, and that marked 
• at f—ca, 10 -® mm, T = 27 sec, dt = 60 sec, t„ = 3*8 x 10 "“ amp. 
The curves are shifted to the right along the volt axis by l-S and 2 volts 
respectively. The logarithmic plots are shown in fig. 7 and the experimental 
points are marked to correspond with fig. 6 . Curve (• ) is shifted to the 
right ftom =0 by 0"8 volt. It will be noticed that the absolute values of 
10 are quite identical in the two sets of observations, which were obtained 
under identical pressure conditions but on different days. 
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5 Sulphur Diohhride (SgC^) — Two characterifitic curves for SgCJ^, and the 
corresponding logarithmic plots, are given in figs. 8 and 9. The experimental 
conditions for the points marked Q: p = l-0 X 10~* mm, T = 35 sec, 
d( — 30 sec, == 1 ’6 X lO"§ ** amp, for those marked # : p = 0-5 X 10~* 
mm, T = 36 sec, dt — 30 sec, i,, — 2-0Xl0~® amp. The characteristic 
and the logarithmic curves (• ) are shifted to the right from = 0 by 1*4 
and 0-8 volt respectively. 



§ 3 — Experiments urith Mixtures of Gases. The Principle of Superposition 

In all our experiments with the different gases we never noticed any 
appreciable effect of pressure of the gas on the distribution of energy among 
the emitted electrons. Some of our experiments with COCl, were carried 
out in a wide range of pressures from 2 x 10“’ to 6 X 10“® mm of mercury. 
We saw in Part II, § 6, that the time required for the actual chemical trans- 
formation responsible for the electron emission, and for the dissipation of the 
energy developed as a result of the transformation, is of the order of 10“** sec ; 
during this time, and at the lowest pressure at which measurements were 
made, only about 4 x 10~* molecules strike 1 sq cm of the surface of the alloy 
drop. Therefore there is only one instantaneously active centre of reaction 
to about 20 sq cm of the surface, on the average. Furthermore, the experi- 
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ments show that the surface of the drop is covered with a monomolecular layer 
of the reaction products at a pressure of about 3 x lO'*® mm. At pressures 
lower than this the part of the surface which is covered will be approximately 
proportional to the pressure ; so that, at the pressure j) == 2 X 10"’ mm only 
2 X 10“’ -r 3 X 10"*^, i.c., one hundredth part of the surface is covered. 
Therefore, the average value of the area of the alloy surface, which surrounds 
each completed centre of reaction, after the usual half-a-minute exposure, is 
about 100 times as large as the area occupied by an individual member of the 
reaction products. 



It is evident from this that the electron enussion is the result of the inter- 
action between an individual gas molecule and the alloy and the energy dis- 
tribution is something which is definitely determined by such an individual 
interaction. A necessary consequence of this statement will be that the 
distribution for a mixture of non-interfering gases can be obtained by super- 
posing, in suitable proportions, the distributions for the separate constituents. 
It is a matter of great importance to prove experimentally the exact validity 
of the superposition principle, as our interpretation of the electronic spectra 
for the reactions with a oomplioated mechanism of dissociation is based entirely 
on the assumption of its exact validity. That is, it is required to prove that 
the current i which flows against an opposing potential difference V, in a 
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reaction with a mixture of gases, is equal to the sum of the currents i* and 
which would flow against the same potential difference if the gases were reacting 
separately at the same pressures as their partial pressures in the mixture. 
The superposition principle stated in this form can be, of course, true only 
for comparatively low total pressures of a mixture of gases, since the pro- 
portionality between the electron emission and the pressure breaks down at a 
critical pressure which is high enough to keep the surface of the alloy com- 
pletely covered with the reaction products. 

We should like first to describe some experiments with those mixtures of 
two gases in which one of the gases is either non-reactive, or a gas which gives 
a negligibly small electron emission. The effect of mixing the non-reactive 
gas nitrogen with phosgene was already described in Part I (p. 42). To 
COCI 2 at a pressure of 3*5 X 10"® mm we added pure N 2 at a pressure of 
3*85 X 10"^^ mm, thus raising the total pressure to 4*2 X 10"* mm. As we 
should expect, this caused no appreciable change in the total emission and no 
change in the energy distribution among the emitted electrons. A sinular 
result was observed with a mixture of COCI 2 and COS. We determined first 
tlie distribution of energy among the emitted electrons with COCI 2 at a pressure 
jj zr 0*3 X 10"® mm, the saturation current i'o being 5*2 X 10"^® amp. The 
observations made in this experiment are shown in the form of a log i/tQ vs. 
plot, as circles, on the left-hand side of fig. 10. Then at this pressure of COCI 2 
a quantity of COS was added, the total pressure being thus raised to 4 ■ 0 x 10“® 
mm. As this pressure is higher than the critical value (about 3 X 10"® mm), 
this was found to decrease the electron saturation current, which fell from 
5*2 to 2*8 X 10"^® amp. On adnaitting the COS a change in the glitter of 
the drops was observed, showing that the COS was reacting with the alloy. 
The observations made with this mixture are shown as crosses in fig. 10. In 
spite of the partial pressure of the COS being 10 times as high as that of the 
COCI 2 , to which it was added, it has caused no detectable change in the velocity 
distribution of the emitted electrons. Any difference in the observations on 
the log vs. Vj plot for the pure COClg and for the mixture with COS which 
exceed the experimental errors are due to a small change in the contact potential 
difference between the drop and the platinum electrode which is brought about 
when the COS is added. Although the partial pressure of the COS is so much 
higher than that of the COCI 2 the electron emission from it is much smaller, 
being less than 10”^* amp (see Part III, p. 33) as compared with more than 
10"^® amp. The distribution of energy for the mixture is the sum of the 
distributions for the separate constituents, since the contribution coming 
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from the COS is always negligible compared with that from the GOClg. We 
have here, therefore, an example of the principle of superposition. 

The next experiments with mixtures were made with COCI2 and SgCl2- 
This is one of the most instructive combinations of two gases, as each of the 
two gases gives approximately the same }deld of electrons and at the same 
time the energy distribution functions of these gases are widely diflerent. The 
pressure of the COClj was low, being 0-18 X 10 ~® mm, and = 3'6 X 10 ~“ 
amp. To this gas the 82CI2 was added at such a pressure p — 0-3 x 10 “® mm, 
calculated from the ratio ijp — constant (p < 3 X 10 "® mm) which had 



previously been determined for 82CI,, as would make t"o for the S2CI2 present 
approximately equal to for the COCI2 in the mixture. On measuring 
for the mixture of COClj + 82CI2 it was found to be 7-0 X 10"“ amp ; the 
addition of the 82CI2 had thus approximately doubled the emission, in accordance 
with the calculation. For tins experiment T was 27 sec, dt = 26 sec. The 
results of the observations are shown, as circles, on the t/t# vs. and 1<^ i/tg 
vs. Vji plots in figs. 11 and 10 respectively. The full line curve (O ) on the 
ri^t of fig. 10 is arbitrarily shifted to the right from Vj — 0 by 1 "04 volts. 
After taking the set of measurements just described a new portion of 62CI2 was 
added to the mixture in such a quantity tliat the partial pressure of the S2CI, 
would exceed the partial pressure of the COCI2 by a considerable amount. 
The total pressure was, in fact, brought up to 2'1 x 10"* mm, and the total 
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current ig to 18 • 4 X 10**^ atnp, time of drop T being approximately as before, 
about 30 sec. The resulting i/iQ vs. Vj and log ^7^0 vs. observations for 
this mixture are shown as dots in figs. 11 and 10 respectively. Curve (0 } in 
fig. 11 is arbitrarily shifted to the right from 0 by 0*6 volt ; in fig. 10 
curve (• ) is shifted to the left along the volt axis by 0*24 volt relative to 
curve ( O ) such a way that the true zeros of these curves would coincide. 
On the right-hand side of fig. 11 two characteristic curves for S 2 CI 2 and COCI 2 
are drawn as dotted lines ; the cxxrves are arbitrarily shifted to the right from 



Vj — 0 by 1*5 and 2*8 volts respectively. These curves for the pure gases 
were not obtained on the same day as those for the mixtures COClg + S 2 CI 2 
but previously at approximately the same pressures as the partial pressures in 
the experiment with the mixture ; this is not important, however, as character- 
istic curves do not depend upon pressure. The values of the ratio i calculated 
by means of the COCI 2 and SgCla curves are given in Table II, column 5, and 
in fig. II the calculated points are shown as crosses. 

As can be seen from fig. 11 and Table II, columns 5 and 6, complete agree- 
ment, within the limits of the experimental error, between the calculated and 
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observed values of is obtained for both the mixtures. TAis, therefore, 
ftoves the exact vaUdity of the principle of superposition. 

It has to be pointed out that on constructing curve ( # ) it was found that 
the calculated curve disagreed slightly with the observed one and that the 


Table II 


Volts 


COCl , 


S.CL 


: *' + »" 


calculated 


»/«■» 

observed 


Mixture (O) 


0 

3*80 

3*40 

7*00 

1 


0*1 

3*548 

3*305 

6*851 

0*979 

— 

0-2 

3*485 

3*136 

6*620 

0*946 

0*945 

0-3 

3*413 

2 720 

6*133 

0*876 

0*876 

0-4 

3*308 

1*938 

5*246 

0*749 

0*760 

0-6 

3*188 

1*207 

4*375 

0*626 

0*630 

0-6 

2*963 

0*646 

3*609 

0*616 

0*626 

0*7 

2*664 

0*330 

2*994 

0*428 

0*440 

0-8 

2*340 

0*190 

2*530 

0*361 

0*370 

0*9 

1*994 

0*102 

2*096 

0*299 

0*305 

10 

1*656 

0*064 

1*710 

0*244 

0*245 

M 

1*350 

0*027 

1*377 

0 197 

0*195 

1*2 

1*080 

0*014 

1*094 

0*156 

0*150 

1-3 

0*792 

0*008 

0*800 

0*114 

0*110 

1*4 

0*668 

0*004 

0*662 

0*080 

0*076 

1*5 

0*371 

__ 

0*373 

0 * 05.7 

0*050 

1*8 

0*246 


0*246 

0*035 

0*030 

1*7 

0*168 

— - 

0*168 

0*022 

0*020 

1*8 

0*094 

— 

0*094 

0*013 

0*012 


Mixture (#) 


0 

4*60 

13*90 

18*40 

1 

— 

0*1 

4*433 

13*611 

17*94 

0*975 

0*966 

0*2 

4*366 

12*816 

17*17 

0*933 

0*926 

0*3 

4*266 

11*120 

15*39 

0*836 

0*810 

0*4 

4*138 

7*923 

12*06 

0*656 

0*660 

0*5 

3*960 

4*936 

8*895 

0*483 

0*606 

0*6 

3*704 

2*641 

6*345 

0:345 

0*365 

0*7 

3*330 

1*348 

4*678 

0*254 

0*285 

0*8 

2*926 

0*778 

3*703 

0*201 

0*206 

0*9 

2*493 

0*417 

2*910 

0*168 

0*160 

1*0 

2*070 

0*222 

2*292 

0*126 

0*130 

M 

1*688 

0*111 

1*799 

0*098 

0*100 

1*2 

l ’ s360 

0*056 

1*406 

0*076 

0*080 

1*3 

0*990 

0*028 

1*018 

0*065 

0*056 

1*4 

0*698 

0*017 

0*715 

0*039 

0*040 

1*6 

0*464 


0*472 

0*026 

0-026 

1*6 

0*306 

— 

0*310 

0*017 

0-017 

1*7 

0*198 

— . 

0*200 

0*011 

0*010 

1*8 

0*117 

— 

0*118 

0*0064 

0*007 


cause of the disagreement was in the slightly too high value of the ratio t"o/»'o' 
The above complete agreement between the calculated and observed curves 
was obtained with a value of i\ equal to 4*6 x 10~“ amp. which is about 26% 
higher than the original value 3*6 x amp. It is therefore necessary 
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to admit that the partial pressure of the COCI 2 in the reaction chamber increased 
by about 25% when the second large portion of S 2 CI 2 had been added to 
mixture (O )• This is quite a possible thing if we remember that the ultimate 
magnitude of the pressure in the reaction chamber is a result of the dynamic 
equilibrium conditions. It is probably due to the fact that the high pressure 
(2*1 X 10“® mm) of SgCIg has decreased the output of the vacuum system, 
namely, the amount Qg (see Part I, p. 26) of the COClg, by forming a more 
complete layer of the reaction products on the surface of the alloy in the lower 
bottle and has thus raised up the partial pressure of the COClj in the reaction 
chamber. This layer of the reaction products in the lower bottle is not station- 
ary but regtilarly breaks into pieces by the falling alloy drops. The fact of 
the output of the vacuum system being slightly out of proportion with pressure 
in the neighbourhood of the critical pressure (about 3 X 10 ”^ mm) probably 
also accounts for some irregularities in the relation — constant for the 
pure gases, which were usually observed in this region of pressures. 

The dotted curve of fig. 10 is the logarithmic plot for the pure COClg ; the 
true zero of this curve is made to coincide with the true zeros of the curves for 
the mixtures. The dotted curve is a repetition of one of those previously 
published (see curve I, fig. 1, p. 62, Part II) ; it corresponds to a pressure 
p:^ 2*2 X 10““® mm, and represents an accurate determination of the high 
energy part of the spectrum. The characteristic curve for the pure COClg, 
corresponding to a low pressure p :::: 0*3 X 10*“® mm, given in fig. 11 and on 
the left-hand side of fig. 10 was specially obtained on purpose to determine 
accurately the low energy part of the spectrum ; it has a comparatively low 
accuracy in the extreme high energy part of the spectrum. We wish to draw 
attention to the following features of these curves, 

(1) In the higher energy part of the spectrum the curves for the mixtures 
are practically parallel to the curve for COClj. This shows that the energy 
distribution in the region of higher energy for the mixtures is practically the 
same as that for the pure COClj, and is little affected by the presence of the 
SjClg. This is in agreement with the theoretical considerations of § 2, Part 
III. In a mixture of two groups of electrons with markedly different average 
energies the group of lower energy will be stopped by the higher opposing 
fields, and the faster electrons from the group of higher energy alone will 
reach the collecting electrode. 

(2) Curve (O ) fw COClg + SjClg has practically retained the shape of the 
curve for the pure COCla, even in the low energy part of the spectrum, in spite 
of the fact that the ratio is as high as 1. Only curve (# ), correspond- 
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iag to i*'Ji\ = 3, begins to show the point of inflexion characteristic of a 
mixture (of § 2, Part HI). 

(3) In spite of the fact that the high energy part of the curves is unafiected 
by the presence of the S 2 CI 2 the maximum energy of the emitted electrons, 
as determined directly from the diagram, will be appreciably less than that 
for the pure COClg. This is because of the high eflergy part of the curves 
being displaced, along the volt axis, to the right from the curve for the pure 
COClj. The displacements are about 0*16 and 0*25 volt for curve (O ) 
and (#) respectively, and therefore the apparent maximum energies of the 
electrons, originating from the reaction with the COCla, are less than the true 
maximum energies by the same amounts. 

It is evident that the amount of displacement dei)ends upon the ratio 
of the individual currents. It is easy to show that there is a simple relation 
between the amount of the vertical displacement along the log iji^ axis, and 
the ratio total current i for any value of V will be given 

by 

L + (1) 

where is the total saturation current -f for the two reactions for which 
the individual currents in the pure gases are given by 

and i" - TJ" (V). (2) 

When the opposing V is so large that the weaker group of electrons, indicated 
by two dashes, is stopped equation (1) reduces to 

L = (3) 

or 

log (I'/to) = log (t'/t'o) — log 4- 1 ) . (4) 

Thus the log vs. plot (for the mixture) will lie above the log {i'ji'f,) vs. 

Vi plot (for the more energetic pure gas) by an amount equal to log ’ 

The amounts of the displacement O' 67 and 1*4,, thus calculated for mixtures 
(O) and (#), agree, within the limits of the experimental error, with the 
values measured from iig. 10, O' 85 and 1*45 respectively. 

The last mixtures experimeuted with were of SOCl, and S,C1,. Two sets of 
experiments were made with these mixtures. 
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.ia aa. «t«rt there 80C1, at j>=^2‘0x 10-> mm,^d 

i'^ = J -43 X 10-^0 amp. S,CI, was then added to this up to each a partial 
pressure pj, calculated from the known ratio ijpi = constant (for 8^01,), as 
would make for the mixture about double the t ’o for the pure SOCJg, on the 
assumption tliat the emissions were additive. For this purpose it was 
necessary to add only a quite small pressure of SgCl^j about 0*3 X 10 mm, 

BO that the total pressure was p = 2*3 x 10*^® mm, and Zq was found to be 
3-5 X 10*^" amp. The observations are indicated by circles on a logarithmio 
plot in fig. 12 , curve II. As soon as these observations were completed a new 
portion of SgClj was added to the previous mbcture of gases. This increased 



the total pressure to p = 3*6 X 10~® mm, and was found to be 7*7 X 10”^® 
amp. The observations made on the new mixtme are shown as circles in 
fig. 12, curve III. The contact potential difference for curves II and III was 
2 -23 and 2*35 volts respectively ; in fig. 12 the true zeros are indicated by 
arrows. Throughout the set of experiments just described T was 60 sec, 
and dt 30 sec. 

In the next set of experiments with these gases the initial pressure of the 
SOCI9 was considerably less, being 0-3 X 10-® mm, and t'o ==4*0 X 10”^^ 
amp. A very small amount of SgCl^ was then added so that the total pressure 
became 0-36 X 10“® mm, and the total ctirrent was found to be 6*6 X 10"^ 
amp. The observations made with this mixture are shown as circles in fig. 12, 
curve I. As soon as these observations had been completed a relatively large 
additional amount of S 9 CI 9 was added, so that the total pressure of SOCl^ + 
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SjClj became 2*0 X 10"® mm, and the total current was found to be 
12-0 X amp. The observations made with this mixture are shown as 
circles in fig. 12 , curve IV. The contact potential difference for curves I and 
IV was 2 • 26 and 2 • 37 volts respectively. Throughout this set of observations, 
which started ^^dth the SOCI 2 at a pressure of 0*3 X 10"® mm, T was 23 sec, 
and di 20 sec. 

In fig. 12 the four curves are placed, and numbered, in the order of their 
increasing ratio which is equal to 0-63, 1*5, 4-4, and 30 respectively. 

By means of these values of and by means of curve (# ) for SOClg, 

and curve ( O ) for S 2 CI 2 , which are shown in fig. 3, we have calculated the 
values of for the different mixtures. The calculated data are indicated by 
crosses on logarithmic plots in fig. 12 ; it will be seen that the calculated 
data are in complete agreement with the observed, as the discrepancy does 
not ex(;eed the limits of the experimental error. This proves again that the 
chemical electron emission possesses the additive property. It may be noticed 
that for these calculations exactly the same 82 CI 2 curve was used as for the 
mixtures of COCI 2 + S 2 CI 2 . 


§ i—The Detemmuiiion of the True Zero on the Voltage Scale 

This is a matter of very great importance for the correct interpretation of 
the results of these investigations. The differences in the energy distribution 
curves and in the log vs, Vj (or oV vs. Vj) plots for the large number of 
gases which have now been investigated show that the detailed peculiarities 
of all such cm ves are essential characteristics of the particular reactions involved 
and arc not due to defects in the method of experimenting or similar secondary 
factors. For example, for COCI 2 , in the investigation of which so much use 
has been made of the crV vs. V^ plots, we must now regard the curved part of 
the plots to the right of the tangent to the straight part (see, for instance, 
Part I, figs. 1 , 2, or 6 ) as of equal importance with the rest. This immediately 
destroys the validity of using the intersection of the tangent with the axis 
as a method of determining the zero of the true potential difference V 
(= Vj “ K, K = contact potential difference) on the scale. 

This reduces the number of methods which have hitherto been regarded as 
available for determining the position of the V 0 point on the axis from 
two to one. This is a very serious defect because every determination of the 
actual energy of the emitted electrons must rest on this zero and the photo- 
electric method, which is the one remainiog, has important limitations in this 
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application. These have been mentioned in an earlier publication.* It will 
be convenient at this stage briefly to review the history of this matter as it 
will enable us to put right some statements and inferences in earlier papers 
which we now believe to be erroneous or misleading. 

We sliall start* with a quotation from a book published by onef of us in 
1921, “ If we take the true zero (determined photoelectrically) to lie any- 
where within this region we see that, broadly speaking, and disregarding a 
little abnormality in the nenghbourhood of zero volts, the chemical currents 
are saturated for all accelerating voltages and show a rapid diminution for all 
retarding voltages.*^ Evidently at that time it was believed that the V = 0 
point coincided with the point on the axis at which the currents reached 
saturation. Tliis is wJiat we now' believe and believe to have firmly and finally 
established as a result of the experiments described in § 3, as we shall show in 
a moment. However, with the misinterpretatioii of the tangents to the 
aV vs. Vj plots there came into being an independent method of determining 
the V 0 point as the intersection of these tangents with the axis. The 
points thus determined were called chemical zeros. For brevity we shall 
c^ll the other two “ photoelectric and ** saturation ” zeros. Now the satura- 
tion and photoelectric zeros were found, as in 1921, to coincide but to differ 
from the chemical zero by about 0*7 volt. At least we found (Parts I and II) 
such a difference between the chemical and saturation zeros for NaK 2 and 
Richardson and Brotherton (foe. cit,) found the same difference, within their 
limits of error, for seven alloys which differed in composition from NaK 2 . 
For NaKg they found the chemical and photoelectric zeros to coincide, This 
was held to establish the correctness of the chemical zero. But it is incon- 
sistent with all the other well-established data. An examination of Richardson 
and Brotherton *8 paper (foe. aV., Table VII, p. 35) shows that this identification 
of the chemical and photoelectric zeros rests entirely on the high value, 
6*2 X 1(P* sec”^, of the photoelectric threshold in presence of COCl^ of a 
single specimen of alloy, F,77, of the composition NaK 2 . It is very suspicious 
that this change in the threshold, as compared with the other alloys, was not 
accompanied by an equal change in the stopping potential for light of a given 
frequency. The determination itself contains very doubtful elements. It 
rests solely on measurements of the photoelectric yield from two mercury lines 
the relative intensities of which the authors state varied in a manner they did 

* Richardson and Brotherton, ‘ Proo, Roy. 8oc.,* A, vol. 116, p, 31 (1927). 

t Richardson, “ The Emission of Electricity from Hot Bodies,” 2nd ed„ p. 812, London 
(1921). 
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not understand. They themselves admit that it was difficult to make any 
reliable determinations in the region where this threshold was located. We 
think that all that those experiments prove with certainty about the photo- 
electric threshold of this particular alloy is that it was more than 6-4 x 10^* 
sec“^. We also think that there is no certain evidence that the gap between 
the chemical and photoelectric zero for this alloy was very different from the 
values given by the alloys of other composition. 

The superposition principle applied to mixtures of gases provides us with an 
independent method for determining whether the true zero is the chemical 
zero or the saturation zero. This last does not differ from the photoelectric 
zero by more than the combined errors of both methods. With gases like 
8OCI2 and S2CI2 where the crV vs. (or log (i/io) vs. Vj) plots are straight 
lines practically down to the Vj axis the chemical zero differs little from the 
saturation zero, probably by not more than the error involved in ascertaining 
the latter. Now suppose we mix such a gas with a gas like COCI2, in which 
the chemical is a long way from the saturation zero, and observe the character- 
istic curve when the alloy reacts with the mixture. The superposition principle 
enables us to calculate the characteristic <;urve of the mixture from those of 
the individual constituents, but the answer it gives depends entirely on how we 
make the superposition. If we assume that the V == 0 points coincide with 
the chemical zeros we get one characteristic curve for the mixture, if we assume 
that they coincide with the saturation zeros we get another. In the preceding 
section we applied this method to the two different mixtures of COCI2 and 
S2CI2, and the method shows unequivocally that the true zeros are the satura- 
tion zeros and that the chemical zeros are no unique values on the voltage 
scale. 

It follows, as the converse of this, that ihe dectron currents originating from 
chemical action exhibit saturation with irm ztm applied potential difference. 

It is interesting to note that the contact potential difference determined 
by this method has a value of the order of —2*6 volts. This is a reasonable 
magnitude since the active gases have the effect of reducing the work function 
of platinum. (The photoelectric work function of pure Pt may vary between 
4*6 and 6-3 volts depending on the process of outgassing.*) 

We regard these experiments as establishing beyond doubt that the curved 
part of the low energy end (the so-called foot) of the aV vs. Vj (or log (i/i^) vs. 
Vj) plots in such gases as COCI2, NOCl, CI2, etc., is a real and essential part of 


* Of. Hughes and Du Bridge, “ Photoelectric Phenomena,'* p. 76 (1932). 
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the energy Bpectrum of the emitted electrons and iiot due to some difficulty 
of uncertain origin in attaining saturation. However, as this is an important 
question, we should like to mention some other facts which lead to the same 
conclusion. The strongly individual character of the distributions in this 
region given by reactions with different gases seems otherwise incompre- 
hensible. The result of the experiment with the mixture of COClg and COS 
is also very striking in this connection. In spite of the fact that the partial 
pressure of the COS was more than 10 times the partial pressure of the COClj 
and that the COS was actually reacting with the alloy, the electron spectrum 
for COCI 2 was quite unchanged and the shape of the “ feet ” entirely unaltered. 
The following considerations also furnish strong evidence that the curved 
parts of the plots in the low energy region are really deter m i n ed by the true 
energy distribution and are thus of equal importance with the rest. If we 
suppose that the electrons liberated by the chemical action are affected by 
the fields of force of the individual members, or by the patches, of the reaction 
products we should expect that the magnitude of this effect will be negligible 
at a pressure p :r; 2 X 10“^ mm (the lowest pressure at which measurements 
were made), as compared with that at a pressure p 10“*® mm. This follows 
from the facts that the electron emission at low pressures is proportional to the 
pressure, and therefore the heterogeneous chemical reaction takes place uni- 
formly over the surface of the alloy, and that at the pressure p ::: 2 X mm 
only one-hundredth part of the surface is covered with the reaction products 
while at the pressure p r: 10"® mm the surface of the alloy is covered with a 
more or less complete layer of the reaction products. The experiments show, 
however, that there is no noticeable difference in the electron spectrum over 
this range of pressures. The effect of the reaction products has thus no marked 
influence on the energy distribution function, and therefore it cannot be 
responsible for the “ feet.*' 

Richardson and Brotherton {loc. dt.f p. 37) attempted to justify the difference 
between the chemical zero and the photoelectric zero by the theory of patches. 
This attempted justification must now be abandoned. It can, in fact, be 
shown that their own data do not really support it. They find that on this 
theory, if D is the difference in volts between the stopping potential with light 

of a given frequency v and the chemical zero, then — D — - (v — v^), where 

e 

Ve is the threshold frequency for the clean metal. The mean of six experi- 
mental determinations of D made by them for the alloy B.50, for example, is 
0*36 volt and the individual values range from 0*31 to 0*44 volt, whereas 
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their value of ^ (v — v,.) for this alloy was 0*83 volt. In fact, the theory of 
e 

patches seems to locate the true zero about where we now find it, instead of 
at the chemical zero. At the time, Richardson and Brotherton were not 
inclined to attach much significance to this discrepancy of 0*4 to 0*5 volt in 
the two methods of determining D. This is perhaps not surprising as their 

determinations of D had a range of 0*19 volt and those of - a range of which 

e 

the lower limit was 0*16 volt and the upper limit unknown. At present the 
theory of patches hardly seems to be required in connection with chemical 
electron emission phenomena ; but, whatever it may do, it certainly cannot 
explain the difierence between the old chemical zeros, got by drawing tangents 
to the straight portions of the oV vs. Vj plots, and the photoelectric and satura- 
tion zeros. 


§ 5 — The Electronic Spectra and the Mechanism of the Reactions 

As we have stated in the Introduction, the main object of the investigations 
which we describe in this paper, was to test further the generality of the 
relation, which exists between the maximum energy of the emitted electrons 
and the chemical energy Ec, and which is of the form 

E„, — Ec — (5) 

where ^ is the work function of the sodium-potassium alloy. 

For the reactions with the gas molecules containing one halogen atom and 
a non-reactive radicle, like NOCl, there is only one possible mechanism of 
dissociation, namely, into the halogen atom and into the radicle, and the electronic 
spectrum has a structure which can be fairly well expressed in a simple mathe^ 
matical form. It is, therefore, assumed that the electronic spectrum consists 
of only one group of electrons which is identified with the above mechanism of 
dissociation. The maximum energy E„„ determined from the spectrum, can 
be thus directly compared with the chemical energy E<., calculated by means of 
the relation 

E,=:=C-D, (6) 

where C is a constant (provided the average collision diameter does not depend 
markedly upon the gas) for all the reactions which result in the adsorption of 
a particular negative halogen ion on the surface of the alloy, and D is the 
energy of dissociation relating to the corresponding reaction mechanism. 



646 A. K. Denisofi and O. W. Richardson 

When molecules of an active gas contain more than one atom capable of 
entering into the reaction with the alloy the spectrum of the emitted electrons 
may contain more than one group of electrons, with different average energies, 
according to the number of the reaction mechanisms responsible for the observed 
electronic spectrum. In the latter case the problem therefore consists : (1) in 
ascertaining the number of the groups of which the observed electronic spec- 
trum is composed ; (2) in correlating these groups of electrons with the 
reaction mechanisms available ; and (3) in estimating the relative total number 
of electrons (t.c., the relative electronic current) of the different groups. As 
we have seen in § 3, the apparent maximum energy as measured directly 
from the ijiQ vs. V^, or log vs. Vj, plots, depends upon the ratio of the 
individual electronic currents. 

The above problem, stated for a general case, is considerably simplified if 
the molecules of an active gas contain only two, identical, halogen atoms and 
a non-reactive radicle. We believe that the gases which are described in this 
paper belong to this category. The reasons for this are the following : (1) A 
comparative study of the various data (especially the general form of 
tlie function Iq — / (p) ) obtained with a large number of different gases 
leads to the conclusion that the rate of the reaction involving the radicles 
of these gases is negligible. (2) As we shall show in a moment, for all the 
radicles in a free state, i.e., Sg, SO, SOg, and Hg, there will be little chance of 
reacting with the alloy, since the kinetic energy they receive in the moment of 
their liberation will make them fly off into the surrounding space. (3) It is 
moat unlikely tliat one of the sulphur, or oxygen, atoms of the molecules 
SgCIg, SOClg, or SOgClg will first, or even simultaneously with the chlorine 
atom, enter into the reaction with the alloy, as such a process is connected 
with a high energy of dissociation (probably of the order of 100 k. cal), and 
also probably requires a small amount of true energy of activation (c/. the 
reaction with NgO, Part III, p. 47). A similar process involving the Hg 
atom of the HgClg molecule will probably be endothermic, and therefore 
also unimportant. The only gas which cannot be put in the above category 
is sulphur dichloride, as its molecules probably contain four halogen atoms ; 
the results obtained with this gas will be considered separately from the others, 
on account of this and also some other complicating factors. 

We can show that the electronic spectra, obtained with the gases belonging 
to the above category, consist in general of not more than two groups of 
electrons. These two groups of electrons originate from the one-stage^ 
reaction, corresponding to the dissociation process ^[(R) + 2(C1)], and from 



Emission of Ble^ons under Influence of Chemical Action 547 

the first stage of the two-stage reaction, corresponding to the dissociation 
process (RCl) + (Cl) ; the group which originates from the second stage of 
the two-stage reaction, corresponding to the dissociation process (R) + (Cl), 
is immeasurably small. We saw (§2, Part III) from some theoretical con- 
siderations of the log (i/ip) vs. V plots that one of the criteria of an electronic 
spectrum for which more than one reaction mechanism is responsible is that 
the graph of log against V shall show inflexions. According to this 

criterion we were able to establish, in accordance with some other experi- 
mental facts, that the electronic spectra for Br 2 and Ij contained, as an 
admixture, a small group of high average energy electrons ; but the observed 
data were insufficient to establish experimentally whether this high average 
energ}" group of electrons comes from the one-stage reaction or from the second 
stage of the two-stage reaction or from both of them. We pointed out (see 
Part III, p, 39), however, that we should expect that the atom, or the radicle, 
which is liberated as a result of the first stage of the two-stage reaction, will 
have little chance of reacting with the metal drop, as the kinetic energy, 
which it receives during its liberation from the first atom, will make it in 
general fly oft into the surrounding space. A beautiful example of separation 
of two groups of electrons with widely different average energies, with which 
the reaction with HgC^ presents us (see fig. 7), allows us to prove that the 
small admixture of higli average energy electrons, which is present in the 
spectrum, originates from the one-stage reaction. This result therefore 
confirms the conclusion that the rate of the second stage of the two- stage 
reaction is in general too small to be observed experimentally. In fact, accord- 
ing to the spectroscopic data of Sponer* 

HgCl =- Hg + Cl ^ 32 k. cal, 
and according to the thormoohemical dataf 

iHgClj =- iHg + Cl - 53 k. cai: 

A comparison of the second, high average energy, distribution in the electronic 
spectrum of HgCl 2 (see fig. 7) with the electronic spectrum of COCI 9 (the part 
of this spectrum, from V“ 0 toV = l*3 volts, is drawn as a dotted line in 
fig. 7 ) shows that the former has a lower average energy of electrons (c/. § 2 , 

♦ * Z. phys. Chem.,’ B, voL 11, p. 425 (1931). 

t Brauuo and Knoke, * Z. phys, Chem.,’ A, vol. 152, p. 4r09 (1931). 

X Throughout this paper all chemical symbols refer to the gaseous state except whore 
otherwise indicated. 
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Part III), therefore it must correspond to a higher dissociation energy. As 
the dissociation energy, corresponding to the COCla spectrum, is 

^COCIa = iCO + Cl - 42 k. cal, 

this proves that the high average energy admixture in the HgClj spectrum does 
come from the one-stage reaction. 

Whenever an electronic spectrum consists of two resolved groups of electrons 
these groups can he easily identified with the coiresponding reaction mechanisms, 
and the ratio of the individual electronic currents can be approximately 
estimated direc^tly from the log vs. Vj plots. It is evident that we 
cannot adopt this procedure when the electronic spectrum consists of two un- 
resolved groups of electrons. Such a spectrum will be always observed when 
the individual electronic current, originating from the group vnth the lower 
average energy electrons, is less than, or of the same order of magnitude as, 
the individual electronic current originating from the group with the higher 
average energy electrons. It follows from the considerations of electronic 
spectra given in § 2, Part 111, that the extreme high energy port of such a 
spectrum will practically represent the distribution of only one group, namely, 
that corresponding to the higher average energy electrons. For such spectra 
the ratio of the individual electronic currents of the two groups can be approxi- 
mately estimated from the amount of the displacement, along the log (t/ip) 
axis, of the higher average energy distribution, as is shown in § 3, equation (4). 
For this it is neejessary to know, however, the whole of the logarithmic plot 
of the high average energy group down to the value V == 0 ; the question then 
involves finding a gas which gives a spectrum consisting of one group of electrons 
having a similar average energy, but to find such a gas is not always possible. 
To avoid this difiiculty we can apply an indirect method of estimating the 
ratio of the individual electronic currents, which is based on the observation 
of the electronic yield. We shall show, when we come to a detailed consideration 
of the experimental results, that there exists a simple relation, experimentally 
established, between the chemical energy and the yield o of electrons^ 
calculated per one halogen atom which entered into the reaction with the alloy 
and liberated the chemical energy Ep. We shall call the yield c, which is 
composed of the electrons all belonging to the same group, the “ specific ** 
yield, and denote by Y the composite yield, also calculated per one halogen 
atom entering into the reaction, which is composed of the electrons origmating 
from both the groups. Since the specific yield c is composed of the electrons 
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all belonging to one group, it is independent of the reaction mechanism* and it 
is a function of the chemical energy only, that is 

o-F(E,). (7) 


We can derive a relation between c, Y and the ratio of the individual electronic 
currents by means of which the latter quantity can be calculated, if c and Y 
are known. 

Let us consider a gas the molecules of which contain, as before, two halogen 
atoms and a non-reactive radicle. Let N be the total number of halogen 
atoms entering into the reaction with the alloy in unit time and let and Nj 
be the number of halogen atoms entering, in unit time, into the one-stage and 
into the two-stage reactions respectively. If Cj and Cg are the specific yields, 
and and ig are the electronic currents, referring to the one-stage and to the 
two- stage reactions respectively we can write, according to the definition, 
Cl = ii/Ni and Cg =• ^ 2/^2 i Ng = (1 ~ a) N, where 

oc < 1 is a constant for a given gas. Tlie total electronic current i may be 
represented in the form 

t sr: -f = Cj^aN + Cg (1 *— a) N. (8) 

The composite electronic yield Y, calculated per one halogen atom entering 
into one of the two tyi)es of the reaction with the alloy, will then be 

Y — t’/N == Ciot + Cg (1 — a). (9) 

In the study of the kinetics of gas reactions it is customary to deal with 
reaction rates, that is, with the number of molecules of a gas which enter into 
a certain reaction in unit time. We may introduce, instead of the coefficient 
a, the ratio R of the rates of the two reactions. Taking into account the fact 
that when the gas molecule enters into the two-stage reaction the second halogen 
atom of the molecule does not enter into the reaction with the alloy at all but 
flies off into the surrounding space, we can write 

R — Qf two-stage reaction _ 2 (1 — a) 

rate of one-stage reaction a ‘ ' ' 


By means of equations (8), (9), and (10) we can finally obtain the following 
relations between Y, R, tg/ii, and Cg/c^ : 


R 


2(oi-Y) 
(Y-Og) ’ 


( 11 ) 


* This statement requires some additional qualification. We intend to return to it 
in a later paper. 


2 R 


von. CXLVI.—A. 
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y = 




iR+i 




R 

R + 2 


^2 ^ ^ ^ = £? (^X 

(Y Cg) 


( 12 ) 

(13) 


To calculate the ratio ijii of the individual electronic currents by means of 
relation (13) we must know the composite electronic yield Y. This quantity 
cannot be directly calculated from the measurements of the total electronic 
current and the pressure of the gas, as might at first sight appear. To calcu- 
late Y we require to know, besides the total electronic current, not the number 
n of the gas molecules striking the surface of the alloy in iinit time, which is 
proportional to the pressure and the coefficient of proportionality depends 
upon the molecular weight of the gas only, but the number N of the halogen 
atoms which actiuilly enkr into the reaction with the alloy. The latter number 
N may not be proportional to n, as it jnay occur that not every collision of the 
gas molecules with the alloy is effective and this may depend upon the nature 
of the gas molecules. There exists, however, one convenient method of 
estimating the quantity Y, which is ijidependent of the absolute values of the 
pressures of the different gases, and thus it is free from the uncertainty which 
is introduced in our Pirani gauge method of absolute measurements of pressure. 
In fact, the method is based on the measurement of the maximum value of the 
total saturation current obtained from the relation =/ (p). As we know, 
for all the gases containing chlorine the function/ (p) has a sharp maximum at 
a certain pressure po» showed (see Part I, p. 46) that this maximum 

value of Xq corresponds to the condition when the surface of the alloy becomes 
covered with a more or less complete layer of reaction products. Therefore, 
for all those reactions for which we have reason to believe that they result 
in the formation of the same reaction products the values of (io)«iax.» obtained 
with the different gases, will be proportional to Y, provided the time of drop T 
and the time of exposure d( remain approximately constant. If for some gases 
the functions/ (p) were by chance obtained at different T it is not difficult to 
introduce a correction for this, as soon as we have a set of the functions /(p), 
corresponding to different T, obtained for one and the same gas. To obtain 
the absolute values of Y it is sufficient to calculate this value for one of the 
gases. It is convenient to choose NOCl for this purpose, as the molecules of 
this gas contain only one halogen atom. Assuming that each molecule of 
this gas, striking the surface of the alloy drop, enters into the reaction with the 
alloy, and taking for the average value of the surface of the alloy drop about 
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0*3 cm*, we obtain the following approximate absolute value of Y, which gives 
the number of electrons emitted per one adsorbed Cl“ ion, 

y 1.() X 10-3 S21E ~ 1-0 X 10-3 . 

mm ad. Cl*^ ions 

The values of Y for the other gases we shall thus compare with this value of 
Y for NOCl 

One accidental circumstance which makes the interjiretation of the electronic 
spectra of the gases under consideration difficmlt is that there are no spectro- 
scopic, or any other, data available with regard to the energy of dissociation 
of the first, or the second , halogen atom of the molecules SOCI2, S02C12, SaClg, 
and sulphur dichloride. The only data available are thermochemical dats 
relating to the dissociation process CI2 + Radicle, and, in particular, for sulphur 
dichloride even these data arc absent. 

The way of overcoming the difficulties arising from the absence of the 
spectroscopic data is to compare the electronic spectra of thest^ gases with the 
electronic spectra of those gases for which all the data, relating to the different 
dissociation processes, are available. For the gases which give an electronic 
spectrum consisting of resolved groups of electrons, such a comparison of the 
electronic spectra, coupled with the thermochemical data, allows us to estimate 
approximately the chemical energy E,,, corresponding to the two-stage reaction, 
and therefore allows us to test the fundamental equation (5). On the other 
hand, when the electronic spectrum consists of unresolved groups of electrons 
the chemical energy E^, available in the two-stago reaction, can be approxi- 
mately estimated by means of the relation c = F (E^). For this it is necessary 
to know the ratio cjc^ which can be calculated from (13). The quantity Y 
is obtained from the relation — /(p) and the ratio ijii can be approxi- 
mately estimated (when it is possible) by the method of displacement, from 
equation (4). 

The accuracy of the estimation of Eg greatly depends upon the accuracy of 
the thermochemical data. Unless other references are given the thermo- 
chemical data tabulated below are taken from Landolt-Bornstein, ‘ Physikal- 
isch-Chemische Tabellen/ 1924-1931 : 

SOCI2 = SO + CI2 - 50 k. cal 
SOjClj -= 8O2 + Cla - 12 k. cal. 

SaCla == Sa -f Cla ~ 38 k. cal 
HgCIa Hg + Clg -- 48 k. cal 


2 r2 
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These data refer to room temperatixre and probably have to be regarded as 
imcertain to within several units of k. cal., and especially, the value SO k. cal. 
relating to SOClg. This value is not obtained from a pure thermochemical 
equation, as there are no thermochemical data relating to the heat of formation 
of SO. The above value was obtained by means of the following spectroscopic 
data : 

82^8 + 102*5 k. cal. 

Oa^O + 0- 117-4 k. cal 
SO ==S + 0- 116-2 k. cal 

The value of the dissociation energy of SO equal to 116-2 k. cal, which has 
been recently obtained by Martin,* differs greatly from the value 148 k. cal, 
given by Henrif ; such a great discrepancy finds its explanation in the fact 
that spectroscopic detenninations of dissociation energies, though being usually 
very accurate, are only correct subject to a correct general interpretation of 
the band spectrum of the corresponding molecule. It seems to be generally 
accepted now that the value 148 k. cal is incorrect, as it is greater than the 
heat of dissociation of the oxygen molecule. 

We shall reserve the discussion of the results obtained with the sulphur 
dichloride gas until all of the available data on the chlorine compounds shall 
have been considered. The absence of the thermochemical data about the 
heat of formation of the sulphur dichloride molecule, and also some other com- 
plicating factors, make it impossible to give an interpretation, of the data 
obtained with this gas, which is not subject to a considerable uncertainty. 

A general inspection of the electronic spectra of the gases SOCl^, SgClj, 
SOjClg, and HgC^, as given by the log vs. plots and JXipresented by 
figs. 4, 6 , and 7, leads us to the conclusion that all these spectra, except that 
for 8 O 2 CI 2 which requires a further examination, ore composed of two groups 
of electrons with different average energies, since the logarithmic plots show 
an inflexion characteristic for such composite spectra. 

HgClj gives a most instructive example of a composite electronic spectrum. 
Because of the great difference of the average energies of the electrons of the 
two groups, and of a comparatively large ratio of the individual currents, 
there is practically no interference between them, except near the point of 
intersection. The higher average energy group of electrons of this spectrum, 
which corresponds to the dissociation energy 53 k. cal, has a distribution 

* ‘ Phya. Rev.,’ vol. 41, p. 167 (1932). 
t Of. ‘ Uipxiger Vortrage,’ p, 147 (1931). 
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which shows some resemblance to that of the main group of the SgClg spectrum. 
We may assume that the main group of the HgCl 2 spectrum at higher energies 
continues the trend of the straight line, which is obtained at lower energies ; 
then, by adding a suitable proportion of the S 2 CI 2 distribution we can obtain 
a composite curve. This curve is indicated by a dotted line on the right of 
fig. 7. It represents well the main features of the observed curve for HgClg 
and gives a ratio ijii, of the electronic currents of the two groups of the 
HgClg spectrum, equal to about 20. Because of the low saturation pressure, 
at room temperatures, of the HgClg crystals it was impossible to obtain the 
relation iy ™/ (j))^ and thus, to measure the value (iy)max- We are able to give 
only a lower limit for the value of the composite electronic yield, it is 
Y ,>0’01 X 10“ ® electrons per adsorbed Cl“ ion. 

The log (i/i^) vs. Vj plot for SjCl 2 , shown in fig. 4, has a very unsharp 
inflexion at the top end of the curve ; this shows that the spectrum is com- 
posed of one very large group of electrons and of one very small group of high 
average energy electrons {cf the spectrum for I 2 given in fig. 0, Part HI). 
The calculation of the above composite curve for HgClj has revealed that the 
main group of the S 2 CI 2 spectrum corresponds to a somewhat higher dis- 
sociation energy than 63 k. cal., we can therefore ascribe it to about 68 k. cal. 
A similar conclusion can also be derived from a comparison of the iji^ vs. Vj 
plot for S 2 CI 8 , fig. 3, with those for COCI 2 , fig. 11, and HgClg, fig. 5. It will 
be seen that the curve for S 2 CI 2 differs greatly from the curve for COCI 2 , 
corresponding to D = 42 k. cal., and is nearer, in respect to its resemblance, 
the HgCl 2 curve, corresponding to D = 74 k. cal. It is rather difficult in 
this case to estimate accurately the ratio as there is no suitable spectrum 
(corresponding to a dissociation energy of about 48 k. cal.) available for com- 
parison, An approximate estimation, by the same method as that used for 
HgClg, gives a value of of the order of 20. The electronic yield Y for this 
gas, as estimated from the iy — / (p) relation, is Y :::: 0*45 X 10“®. 

An examination of the electronic spectrum for SOClg, fig. 4, shows that the 
spectrum contains quite a large group of the higher average energy electrons, 
since the point of inflexion is in the middle of the curve and the general form 
of the plot in the region of low energies does not difEer much from that in the 
region of high energies. The stronger group can but originate from the one- 
stage reaction corresponding to D ~ 54 k, cal. ; in fact, it shows a great 
resemblance with the second group of the HgCl# spectrum, corresponding to 
D 63 k. cal The i/i^ vs. Vj plot for SOClj, fig. 3, is very like that for SjCla, 
but this indicates that the dissociation energy, corresponding to the weaker 
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group of the SOClg spectrum, must be appreciably larger than D = 68 , since 
there is a considerable interference between the two groups of the SOClj 
spectrum. This conclusion is also confirmed by the low value of the yield 
observed with this gas ; it is Y ^ 0*1 X 10“ i.e., about one-fourth of the 
value observed with S 2 CI 2 . We can obtain some further information about 
this unknown value of D by considering the magnitude of the ratio of 
the electronic currents. On th(? one hand, the ratio igAi cannot be much less 
than 1 , since the logarithmic plot has a noticeable inflexion ; on the other 
hand, it cannot be much larger than 1 , since the amount of the displacement 
of the high energy part of the logarithmic plot for HgClg, relative to that for 
SOClg, approximately corresponds to the value of ijii = 20 obtained previously 
for HgClg. Therefore, the ratio i^/ii for SOClg must be of the order of 1 . 
To obtain by calculation, using this value of ijix, a characteristic curve 
similar to that observed for SOClg, fig. 3, it is necessary that the unknown 
value of D must be considerably less than 74 k. cal., referring to the character- 
istic curve of HgClg ; it must be, in fact, about 65 k. cal. 

As we have already mentioned, the SO 2 CI 2 spectrum requires a special 
examination, since the logarithmic plot, fig. 6 , shows that this electronic 
spectrum consists either of two unresolved groups or of only one group. Very 
fortunately the value of the dissociation energy referring to the one-stage 
reaction with this gas, equal to 35 k. cal., nearly coincides with the value 38 k. 
cal. corresponding to the reaction with NOCl. The high energy part of the 
NOCl spectrum is drawn in fig. 6 and its point of zero is made to coincide with 
the point of zero for curve ( O ) obtained with the SOaClg. The high energy 
part of the 8 O 2 CI 2 spectrum does show a great resemblance with the NOCl 
spectrum, and furthermore, the comparison proves that the SOaCl 2 spectrum 
contains a considerable group of lower average energy electrons, since there is a 
considerable displacement between the logarithmic plots. The ratio ijii of the 
individual currents, as determined from equation (4), is about 3. As the 
logarithmic plot for this gas has no inflexion, in spite of this high value', of the 
ratio, it shows that the dissociation energy corresponding to the weaker group 
is not much higher than 35 k. cal. In fact, the characteristic curve for this 
gas, fig. 6 , which under such conditions is Httle affected by the slightly stronger 
group, is only just a little steeper than that for COClg, fig. 11. The dis- 
sociation energy of the weaker group of the SOaCIa spectrum must be therefore 
about 45 k, cal. We can show that this value coincides with that which can 
be calculated from relation (13) which is based on the measurements of the 
yield of electrons. 
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To show this it is necessary to obtain a relation between the specific yield 
c and the chemical energy E^. In Tables III and IV we have summed up the 
results of our examination of the electronic spectra of the gases dealt with in 
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Mochanism 

Dissociation 

Chemical 

specific 

Composite 

Gas 

of 

energy 1) 

energy 


yield c 

yield V 


dissociation 

in k. cal. 

in k. cal. 

X 10‘ 

X 10* 


r S,C1 + Cl 

58 

106 


0-46 1 


S.CI. ^ 

i[S. + 2C1] 

48 

116 


2-3 

^ 0-46 


L "f* 

38 

— 


- J 


1 

r soci + Cl 

06 

98 


0*05 


SOCla J 

. i[«0 + 2C11 

64 

109 


0*87 

010 

1 

L 80 4- Cl 

43 

— 


- J 


I 

f HgCl + Cl 

74 

89 


0013 1 


^ 

JlHg + 2C11 

63 

110 


11 

► >0 01 

1 

L Hg 4- Cl 

32 

— 


- J 


1 

r sOijCi 4* Cl 

45 

118 


3-8 1 


SObCI^ J 

ilSO, + 201] 

35 

128 


15 

i- 6-0 

1 

L 80, 4 Cl 

25 

— 


- J 


j 

f OOCl + Cl 

80 

83 


0-002 "1 


J 

liCO 4- 2Clj 

42 

121 


6-8 

2-6 

1 

L 00 4- Cl 

4 

— 


- J 


1 

r Cl 4 - Cl 

68 

106 


0-43 1 


01* J 

i[Cl -f- Cl] 

■ Cl 

NO -f 01 

29 

134 


31 

- 12 

1 

NOCl 

0 

38 

125 


- J 

10 

10 



Table IV 






Ratio Cj/c, 

Ratio in/ii 



Ratio R of rates of 

Gas 

of specific 

of 



2-Btage reaction 


yields 

ourronls 



l-stoge rt^aotion 

SjCla 

61 

ca. 20 



200 




(observed) 



(calculated from (13) ) 

SOCl, 

8-7 

ca . 1 



20 




(observed) 



(calculated from (13) ) 

Hgci, 

86 

20 



3000 



(observed) 



(calculated from (13) ) 

SOjClj 

4-0 

3 



20 




(observed) 


(calculated from (13) or (11) ) 

COCI, 

2900 

0-0000 



3 




(calculati^d from (13) ) 


(calculated from (11) ) 

Cl, 

72 

0-02 



3 




(calculated from (13) ) 


(calculated from (11) ) 


this paper, and also of COCli, Clt, and NOCl which were examined in Farts II 
and III. It will be seen from Table 111, column 3, that for all the gases whose 
molecules contain two atoms of chlorine the chemical energy £< liberated in 
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the one-stage reaction is always larger than that liberated in the first stage of 
the tW 0 “Stage reaction, therefore the ratio cjc^ is always^ 1. It is 5^ 1 ?f the 
chemical energies of these two reactions are markedly difierent, since the 
yield c is a very sensitive function of E^. Now, equation (13) shows that when 
the ratio > 1 and cjc^ > 1, then the ratio R > 1 and the composite 
yield Y, acconling to (12), is then equal to (1 + h/h) ^ regard 2/R as 
negligible. It is therefore approximately equal to Cg when is small. 
The gases SgClg and SOClg, thus, give us two values of the function F (EJ 
defined on p. 549, corresponding to E^ 105 and E^ — 98 k. cal, A third 
value, corresponding to E<, — 125 k. cal., we can obtain from NOCl ; in this 
case Y — c, since the electronic spectrum has only one group of electrons. 
These three values of F (E^.) are indicated by circles in fig. 13 which represents 
a graph of log|Q c against 1 /E^- The points fall on a straight line 

- logic c = 903-4 X i - 3-222. (14) 

K 


As a matter of fact, we can obtain a fourth value of F (E^) and thus furnish 
some more experimental evidence for equation (14). We have seen that the 
dissociation energy of the one-stage reaction with SOgClg is nearly the same as 
for NOCl, therefore we can put c for SOgClg about 10 X 10“®, i.e., the same as 
for NOCl. From the observed values of ijii and Y, and this value of c^, 
we obtain, by means of equation (13), Cg ^ 4-3 X 10"® and, by means of 
equation (14), E^ ::r: 118*5 or D tr 44*6 k. cal. The latter value compares 
with the 46 k. cal. which we have just estimated directly by comparison of the 
characteristic curves for SO gClg and COClg. The value of F (E<,) 4-0 X 10“ ® 

oorresponding to D ~ 46 k. cal. is indicated by a double circle in fig, 13. Again, 
the relation seems to give the right order of magnitude for the yield Y ob- 
served with HgClg; the calculated value 0*013 X 10“® compares with the 
observed value >0*01 X 10"®. 

We think, thus, that there is sufficient experimental evidence that in this 
range of E^, from about 90 to about 130 k. cal,, the function F (Ec) is really 
near the form given by (14) which can also be written as 


1-67 X 108 xe TJ; 

ad. Cl~ ions 


The theoretical interpretation of this equation will be dealt with in a later 
paper. 

In Table III, column 6, we give the values of the specific yield o, partly 
observed and partly calculated from (14), referring to tlie different reaction 
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mechanising and the different gases. By means of these data we were able to 
calculate the order of magnitude of the ratio R of the rate of the two-stage 
reaction to the rate of the one-stage reaction. The latter is given in Table IV, 
column 4 ; the calculated data reveal some new interesting facts and explain 
many puzzling features observed with some gases. It appears that in general 
the ratio R > 1, i.e., only one of the two Cl atoms of the gas molecule normally 
enters into the reaction with the aUoy. Though, for the diatomic gas chlorine 
the chance of the above event is only slightly higher than the chance of the 
two Cl atoms, of the chlorine molecule, simultaneously entering into the 
reaction with the alloy. It is interesting to compare this value of R for chlorine 



with those for bromine and iodine. We saw in Part III, fig. 6, that the 
electronic spectra for Br^ and Ig consist of one large group of the lower average 
energy electrons, and of a very small admixture of the higher average energy 
electrons. Assuming that the ratio i^ji^ is of the order of 20, the ratio R, 
as calculated from (13), is then of the order of 500, i.c., about 100 times as large 
as that for chlorine. The value is subject to a considerable uncertainty, but 
is probably of the right order of magnitude. The estimation is based on the 
relation c === F (E<.) obtained with the chlorine compounds only and the absolute 
values of E<;, for the different halogens, are uncertain within ± 10 k. cal. 
(this latter circumstance cannot affect the estimated value very seriously, 
however, as we are only concerned with the ratio of the electronic yields). 
We notice that HgCl^ has an abnormally high value of R, as compared with 
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the majority of the gases. This can be easily explained by the &ct that the 
HgClj molecule has, in contrast with the others, a linear shape with the widely 
separated ( 4-56 X 10“^ cm) Cl atoms,* The shapes of the other molecules 
are very similar to each otherf 


Cl Cl Cl 0 Cl 

/ / / \/ 

S-S 0 =S 0 -C 8 

\ \ \ /\ 

Cl Cl Cl 0 Cl 


The shapes of these molecules were deduced from Raman frequencies, and it 
seems the correctness of the interpretation of the Raman spectra of these 
compounds is generally accepted with the exception of 82CI8. The structure 
of this compound may be that shown above or Cl — 8 — 8— C 1 .+ It may be 
noted that the ratio R observed with 82CI3 has a higher value as compared, 
for example, with that for SOClg. The value for S2CI2 i® probably one of the 
most uncertain, owing to the difficulty of an accurate estimation of ijii for 
this gas. Still, it is hardly probable that it can be much less than 100, as it 
is the upper limit of iji^ which is rather uncertain. This seems to indicate 
somewhat larger averages separation of the Cl atoms of these molecules. 

On the basis of the yield measurements we were able to calculate, by means 
of equation ( 13 ), the ratio iji^ of the electronic currents for COClj and Clg. 
The calculated values (see Table IV, column 3 ), in conjunction with the values 
of R, explain at once why the electronic spectra of these gases contain practi- 
cally one group of electrons. In Part II, p. 72 , we suggested that the pre- 
dominance of the one group of electrons in the COClj spectrum indicates that 
two Cl atoms of the COCI2 molecule normally enter into the reaction with the 
metal simultaneously; accordingly that conclusion must now be modified. 
We can also understand now why the yield from COCI2 was so small, as com- 
pared with the yield from NOCl, contrary to the comparatively small change 
in the general form of the electronic spectra, and in the chemical energy 
of these two gases. Tlie calculated data also explain why the yield from Cl 2 
appears not to be high enough. 

We come now to a brief consideration of the results obtained with sulphur 
dichloride. A remarkable fact observed with this gas is that its electronic 

* Brauuo and Knoko, * Z. phy», Ohem.,* B, vol. 23, p. 163 (1933), 

t Of. * Leipziger VortrAgo,’ 1931, pp, 23 and 131 ; Loranz and Samuel, ‘ Z. phys. Chem.,’ 
B, vol. 14, p. 219(1931). 

X Of Hibbeu, ‘ Chom. Rev./ vol. 13, p. 345 (1933). 
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spectrum is practically identical with the 802Cla spectrum. It can be seen 
from fig. 9 that the logarithmic plot for SO2CI2, which is a repetition of the 
curve (O ) of fig- b, with the experimental points indicated by crosses is very 
well superimposed on the dotted curve for sulphur diohloride, experimental 
points indicated by dots, which is a repetition of the curve (# ) for sulphur 
dichloride arbitrarily shifted to the right from Vj == 0 by 1 * 4 volts. The results 
are still more remarkable as not only the energy distributions but also the 
functions ^ / (p) are identical for these gases (see fig. 2). The identity of 
the electronic spectra, and of the yields, suggests strongly that the dissociation 
energies of the processes R Clj, and RCl + Cl, referring to the sulphur 
dichloride, must be about the same as for the SO2CI2 gas, t.e., about 12 and 
45 k. cal. respectively. Now, it was shown by Trautz* that 

SgCla + Cla - 2SCI2 + 9 ‘ 8 k. cal. , (16) 

liquid cliHaolvcfl in 

and we can therefore take for the energy of dissociation of the process 
2SCI2 — SgCJa + Clj a value of the order of 10 k. calf Our results can be at 
once accounted for if we assume that at very low pressures and at room 
temperatures there is a comparatively large number of the sulphur dichloride 
molecules in the dimerous form (SClg)^, since then (8012)2 — S2CI2 + CI2 — 12 
k. cal, if (8012)2 = 2SOI2 — ca. 2 k. cal. Trautz observed that at tempera- 
tures about 100-200*^ 0 and at atmospheric pressures the number of the (8012)2 
molecules was not appreciable in comi)ari3on with the number of the SCI2 
molecules. This cannot be considered, however, as evidence against the 
existence of the sulphur dichloride molecules in the dimerous form under our 
conditions. It is important that the decomposition of the dimer into the 
monomer should be, at least slightly, endothermiej ; it is then quite probable 
that at room temperatures the decomposition of the (8012)2 is a bimolecular 
reaction (that is, the dissociation occurs chiefly by means of collisions), and 
therefore the rate of this reaction will be negligibly small at pressures of the 
order of 10~® mm. On the other hand, the rate of recombination of the SCI2 
molecules niay be comparatively very large at such pressures, as the reaction 
of recombination may proceed as a heterogeneous reaction on the glass walls. 
To account for our results it is sufficient to assume that the number of the 
(8012)2 molecules is approximately of the same order of magnitude as the 

* * Z. Elektrochem./ vol. 35, p. 110 (1929). 

t C/. also Trautz, ibid,, p. 133. 

} €?/. Trautz, foe. 
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number of the SCI2 molecules, since the effect of the latter group is negligibly 
small. In fact, it is easy to show on the ground of the above thermochemical 
data that the dissociation energy of the process SCl^ = S + CI2 is as large as 
about 75 k. cal. 

Among the complicating factors which increase the uncertainty of the 
intepretation is that the liquid sulphur dichloride at room temperatures seems 
t/o be dissociated to a measurable extent into sulphur chloride and chlorine.* 
The effect from the small amount of the SgClg, as having a low yield Y, will 
b(i hardly noticeable (this is also definitely confirmed by the observed data), 
but the small amount of the CI2, as having a large Y, may seriously affect the 
distribution (the observed data seem to show a slight dependence of the distribu- 
tion upon the pressure ; this is probably due to the free chlorine), though not 
to such extent as to change considerably its low energy part which is important 
for our general interpretation of the phenomena. 

Finally, it may be noted that the structure of the (8012)2 mohjcule is probably 

Cl Cl 

\ / 

very similar to that of the SO2CI2 molecule, i.e., it is S — 8 , and tins 

Cl^ Cl 

fact may explain the close values of the ratio ij/hj therefore of the jdeld 
Y, for these gases. Probably a comparatively large separation of the two pairs 
of halogen atoms may also explain why only two groups of electrons can be 
found in the electronic spectrum. 

As we have now the necessary data about the dissociation energy D and 
the ratio ig/ij of the individual currents we can test the fundamental equation 
( 5 ). It is convenient to combine ( 5 ) and (6) into one equation and to write 
it in the form 

E,„ + D = constant. ( 17 ) 

The apparent maximum energy is given in Table V, column 2 ; it was 
determined directly from the vs. Vj plots and by using exactly the same 
method as that employed in Parts II and III. The true maximum energy 
Em is given in column 3 . For S2Cla and HgCla, as having large values of 
the true E^ refers to the weaker group ; by assuming that the distribution 
of the main group continues the trend of the straight line obtained at lower 
energies the maximum energy of this group was determined firom the logarith- 
mic plots by the same method. For SOCI2 and SO2CI2, as having small values 

♦ Lowry and Jessop, * J. Chem, Soc./ p. 1421 (1029). 
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‘If 

of the true refers to the stronger group, and it was obtained from the 
apparent by introducing a correction for the displacement of the dis- 
tribution of the stronger group. The corresponding dissociation energies are 
given in columns 4 and 5. By choosing the above groups of electrons for the 
determination of the true we reduce, at the same time, the uncertainty of 
the values of D to a minimum, since all these values, except 58 k. cal., are 
taken from the tables of physical and chemical constants. 



Km 

Table V 

D 

1 ) 

Km 4" 

Gan 

(appan^nt) 

(true) 

in k. cal. 

in volts 

in volts 

«.CI. 

in volta 
1-5, 

in volts 

lf>o 

58 

2-53 

4-Oj 

HkC4 

Mo 

0-7, 

74 

3-2, 

3*9t 



l- 8 o 

l-9o 

64 

2 ‘3a 

4-2, 

SO.CJj 

2 * 4^ 

2 * 6 , 

35 

1-63 



It will be seen from column 6 that E„, + D is really a constant, within the 
limits of the experimental error and uncertainty of the thermochemical data, 
and, moreover, it compares with an average, more accurately determined, of 
4’2jj volts obtained with NOCl, COClg, and Clg (see Part III, p. 42). This 
proves that the maximum energy E„, of the emitted electrons is in satisfactory 
agreement with the fundamental equation E^„ = Ec — over a wide range of 
values of E,„ from about 3*0 volts to about 0*7 volt. 

§ 6 — The Energy Distributim Functions 

The energy distribution functions for the gases investigated are shown in 
figs. 14 and 15. The ordinates A (i/^o) these curves are proportional to the 
fraction of the total number of electrons which have kinetic energies within 
the range eV to c ( V + AV), AV being taken equal to 0 • 1 volt. The curve 
for SjCl^ is displaced vertically upwards by the arbitrary amount, O-I unit, 
and the curves for SOCI 2 and HgClg are displaced along the volt axis to the 
right from V — 0 by 1 *6 and 3'4 volts respectively. For HgCla the vertical 
scale reading on the figure should be mxiltiplied by 2. The true zeros of the 
curves are indicated by arrows, and the experimental points of all the curves 
are marked in the same way as the corresponding data in figs. 3, 5, and 8 from 
which they are derived. 

It will be seen that the curves for SOaClj, SaCli, and SOClj show a second 
slightly resolved maximum , just after the main one. This is in accordance 
with the results of our anaijnais of the logarithmic plots of these gases that 
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their electronic spectra consist of two nearly equal groups of electrons with 
different average energies. The composite character of these curves is 
especially noticeable if they are compared with the electronic spectra of similar 
average energy but containing one group only. This can be seen, for example, 
from fig. 14, where the SO 2 CI 2 curve is compared with the COClg curve indicated 
by a dotted line. It may be noted that the curves are not very suitable for a 
detailed analysis with the object of detecting different groups of electrons, 
first, because they have been obtained by graphical differentiation of the 
smooth characteristic curves and second, because the process of differentiation 
usually magnifies any errors in the original observations. 

As with the gases described in Parts II and III, the energy distribution 
function for S^C^, which contains practically one group of electrons, can be 
approximately represented for energies > V,,, and < by the equation 

N(V)==:A6 

where the energy corresponding to the maximum of the curve, is equal 
to 0*41 volt and the values of the constants A, h and c are A — 

Jk 2*30 X 2*20 = 6*00 volt"^ and c I. 

In concluding we should like to take this opportunity of acknowledging our 
indebtedness to the Department of Scientific and Industrial Research for a 
grant which has made it possible to carry out these investigations. 

Summary 

The electron emission from NaK^ when acted on by SOClg, SaCIg, SO 2 CI 2 , 
HgClj, and ( 8012 ) 2 , at very low pressures, has been investigated and some experi- 
ments with mixtures of gases are also described. The latter experiments have 
proved that the electron currents originating from chemical action ( 1 ) possess 
the additive property, and ( 2 ) exhibit saturation with true zero applied 
potential difference. 

A general method of analysis of electronic spectra is given ; the method is 
based on the comparative study of different electronic spectra and on some 
considerations of the kinetics and the electronic yield of the chemical reactions. 
The analysis has shown that ( 1 ) the maximum energy of the emitted 
electrons is, over a wide range of from about 3*0 volts to about 0*7 volt, 
in satisfactory agreement with the fundamental equation = Ec — 
where E*, is the energy available in the corresponding elementary chemical 
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reaction responsible for and <f> is the work function of the metal, (2) in 
this range of Ec, the number c of electrons emitted per one 01 atom entering 
into the reaction with the metal is approximately an exponential function of 
the chemical energy and (3) the reaction mechanism of most frequent 
occurrence is that in which only one of the two 01 atoms of the gas molecule 
reacts with the alloy. 

ERRATUM. 

In Part III, vol. 145, p. 33, fig. 7, delete the o, at ordinate 5 and abscissa 
0-15. 


Stvdies on Explosive Antimony I — The Microscopy of Polished 

Surfaces'^ 

By 0. 0. OoFFiN and Stuart Johnston 
K'ommunicated by A. 8. Eve, F.R.S. — Received March 5, 1934) 

[Plates 6, 7 and 8] 

IfUfoduotion 

In 1855 Goref reported the discovery of a peculiar soft and lustrous form of 
antimony obtained by the electrolysis of antimony trichloride solutions. This 
deposit when heated or scratched underwent a sudden change in which a 
considerable quantity of heat was developed, the metal was badly shattered, 
and white fumes of occluded antimony trichloride were evolved. The metal 
after “ explosion was indistinguishable from ordinary antimony. 

Difierent aspects of the phenomenon have since been the subject of several 
investigations of which the most comprehensive is that carried out by Cohen 
and his co-workersj during the years 1904-4)5. More recently Cohen and 
Coffin§ have succeeded in determining the factors governing the deposition 

♦ Contribution from the Laboratory of Physioal Chemistry, Dalhousie University, 
Halifax, C^anada. 

t ‘ Phil. Mag.,’ vol 9, p. 73 (1865) ; M. Chem. Soc.,* vol. 17, p. 366 (1863) ; * Proc, 
Eoy. Soo.,’ vol. 12, p. 186 (1868) ; ‘ Phil. Trans,,’ vol 148, pp. 186, 797 (1868) ; vol 162, 
p, 323 (1862). 

X Cohen and Kingor, ‘ Z. phys. Chem.,’ vol. 47, p. 1 (1904) ; Cohen, Collins and Strengers, 
ibid,, vol. 60, p. 291 (1906) ; Cohen and Strengers, ibid., vol, 62, p. 129 (1906). 

§ Ibid., A, vol. 149, p, 417 (1930). 
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of the explosive form, and Bohm,* Steinwehr and Schulze, f and KerstenJ 
have made X-ray studies of its structure. 

It appears from the existing data that the explosive metal is amorphous, 
and that the explosion is simply a rapid exothermic crystallization. As an 
amorphous metal and its crystallization are of considerable interest from 
several points of view, an extended investigation of the nature of the substance 
and its explosion has been undertaken in this laboratory. The present paper 
is concerned with the microscopic examiiuition of polished surfaces before and 
after explosion and is necessarily of a descriptive character. Detailed dis- 
cussion of the plicnotnena described is reserved until the completion of several 
different lines of investigation now in progress. 


Experinmnial 

Antimony was deposited in the explosive form upon flat copper or copper- 
phited zinc cathodes about the size of microscope slides from well -stirred 
antimony trichloride solutions containing one or more antimony anodes. 
The temperature and concentration of the solution and the current density 
were adjusted to bring the deposit well within the explosive region mapped 
out by Cohen and Coflin (?oc. oiL), The solutions wore made up by dissolving 
a weighed amount of antimony trichloride in a known weight of 10% HCl 
solution. C.P. materials were used throughout. Cathodes were deposited 
from solutions containing 5, 40 and 70% antimony trichloride and thus from 
the data of Cohen and Ringer§ contained respectively about 2, 7, and 10% 
occluded salt. 

The explosive deposits were ground flat with a water suspension of fine emery, 
and were polished with fine rouge on wet (chamois leather. Great care was 
necessary in working with the cathodes from the more dilute solutions on 
account of the ease with which explosion occurs. Many deposits from the 6%, 
a few from the 40%, and an occasional one from the 70% solution exploded 
while being polished. Fortunately the metal from the 5% solution was 
usually so smooth that very little grinding or polishing was necessary. 

The polished cathodes were exploded by a spark from an induction coil, 
or Leyden jar, or by touching them with a hot needle. Miscroscopic observa- 

♦ ‘ Z. anorgan. Chom.,’ vol. 140, p. 217 (1925). 
t * Z. Physik,* vol, 63, p. 815 (1930). 
t * Physios,’ vol, 2, p. 276 (1932). 

§ ‘ Z, phys. Oheni.,’ vol. 47, p. 1 (1904). 
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tioiis and photographs were made with reflected light ; magnifications were 
determined by photographing a micrometer slide. 

Appearance of Exploded DeposUs 

A polished surface*of amorphous antimony before explosion, fig. 1, Plate 6, 
resembles that of any other soft bright metal. No distinctive features beyond 
polishiaig scratches and faults in the deposit are visible. After explosion, 
however, the surfacje is covered by many well-defined equally spaced parallel 
lines, which, if viewed far enough from the point at which the explosion started, 
appear to be straight, fig, 2, Plate 6. However, if the slide is moved so that 
the spot where the explosion started is brought closer and closer to the field 
of view the lines become more and more curved and eventually, if the curvature 
iis followed back to the origin, appear as concentric circles about the point 
where the spark or hot needle struck the metal. Pig. 3, Plate 6, and fig. 4, 
Plate 6, arc photographs of the spot where a spark hit a cathode deposited 
from a 40% solution. The concentric circles are plainly visible. Fig. 5, 
Plate 6, is a view of a typical ** crater made by touching polished metal 
from a 40% soution with a hot needle ; fig. 6, Plate 6, shows the crater made 
by touching it obliquely with a hot copper wire. The deposit is frequently 
badly cracked and the surface distorted by the explosion, so that it is sometimes 
impossible to get the whole field in focus at the same time, e.jjf., fig. 3. 

If the deposit is not too thin or too porous the spacing of the lines is remark* 
ably constatit. Many cx>unts on exploded deposits from the different solutions 
reveal that there are from 2000 to 4000 lines per centimetre, and that any 
departure from parallelism can usually be traced to some hole or fault in the 
metal. The counting was done either through a microscope with a micro- 
meter eyepiece or by throwing the image of the negative on a screen which had 
been calibrated with the image of the micrometer slide. 

That these lines are iiot merely a surface phenomenon but exist throughout 
the body of the metal is evinced in several ways. They can be readily polished 
off so that the surface of an exploded deposit resembles that shown in fig. 1. 
However, a few minutes etching with a mixture of tartaric and nitric acids or a 
short time as an anode in an electrolytic cell will bring up the lines just as 
clearly as before. The surface as a whole is somewhat darkened by the etching, 
and through the microscope shows brilliant interference colours which are 
probably due to a film of oxide from the nitric acid treatment. The examina- 
tion of two polished exploded surfaces at right angles to one another also 
reveals that the Unes are to be found throughout the body of the metal, and 
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that they are in no way related to the orientation of the deposit with respect 
to the copper cathode. Fig. 7, Plate 7, is a photograph of the face of an 
electrode from a 40% solution exploded by a spark to its edge. The crater 
is on the cross hairs. Fig. 8, Plate 7, is a view of the same crater from the 
aide or edge of the electrode. Fig. 9, Plate 7, shows the face of a deposit from 
a 70% solution exploded on the edge by touching it with the side of a hot 
needle. Fig. 10, Plate 7, is a view of the same crater from the edge of the 
deposit and like fig. 8 shows the lines spreading spherically through the metal. 
The two electrodes from which figs. 7-10 were taken were pohshed before 
explosion. Exactly similar views are obtained by sawing through an exploded 
deposit near the crater on its face, grinding at right angles to the face until 
the crater is just on the edge, and finally polishing and etching. It is thus 
evident that the lines are due to a regular crystallization brought about by the 
spherical and autogenous heat wave travelling through the mass of metal. 

The wavelike appearance of the crystallization lines suggested several 

interference and “ shadow experiments. Pig. 11, Plate 7, is a photograph 
of the region between two craters, about 2 mm apart, made simultaneously 
by causing a spark to jump from a needle point to the metal and from the 
metal to a second needle point. The “ waves meet at a very clearly defined 
straight fine. Fig. 12, Plate 7, is a view of part of the same line. No inter- 
ference in the ordinary sense is visible as the passing “ wave leaves the medium 
“ frozen.” The dark spots on fig. 11 are holes in the deposit and the manner in 
which they affect the propagation of the explosion is evident. The “ shadow ” 
of a hole or obstruction usually appears as a sort of line, like that in figs. 11 
and 12, where the ‘‘ waves ” rounding each side meet at an angle. 

The rate at which the crystallization wave travels through the metal can 
obviously be determined by measimng the distance from the line of meeting 
of two sets of waves, one of which is made a known fraction of a second after 
the other, to each of the two craters. An investigation of the effect of tempera- 
ture, thickness of deposit, amount of occluded salt, etc,, on the rate of crystal- 
lization is in progress and will be reported in detail elsewhere. It appears 
that the velocity is approximately 23 cm/sec at room temperature. 

When a thin « 0*1 mm) film of the explosive metal is deposited on heavy 
copper the crystallization will not travel more than a fraction of a millimetre 
from the starting-point. The large heat capacity and good heat oonductivily 
of the underlying copper evidently reduce the heat wave to such an extent 
that it is unable to bring about further crystallization. Fig. 13, Plate 8, 
and fig. U, Plate 8, show the result of soratohing a 0-07 mm thick deposit 
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fipom a 6% Bolutiou with a hot needle. Many craters appear along the line of 
the scratch and the crystallization always ceases abruptly after travelling a 
fraction of a millimetre. Curious “ interference effects are often visible 
along such scratches. 

In slightly thicker films the whole deposit may explode, or the explosion 
may stop suddenly after travelling a considerable distance. Fig. 15, Plate 8, 
and fig. 16, Plate 8, are typical photographs of the line where the crystalliza- 
tion of a 0 * 17 mm deposit from a 5% solution suddenly stopped after travelling 
several centimetres. The line between exploded and non-exploded metal 
is very sharp and owing to the difference in reflecting power is easily visible 
to the naked eye. A curious spacing of the crystallization lines in groups of 
two or three is discernible in fig. 16. In such thin films little or no cracking 
occurs on explosion. 

If the deposit is still thicker (>0*2 mm) the crystallization is complete, 
and is accompanied by a violent shattering of the metal which is often stripped 
from the copper in circular sheets or rings concentric with one another about 
the crater. Fig, 17, Plate 8, and fig. 18, Plate 8, are typical of such 
deposits. The former is a view at some distance from the crater ; the latter 
is the crater itself. The explosion was started by a single spark from a Leyden 
jar. From the direction of the crystallization lines on opposite sides of the 
cracks it would appear that the cracking occurred after the formation of the 
lines. In the explosion of deposits thicker than about 0*5 mm the cracks are 
not so numerous and the tendency of the metal to strip from the copper is not 
BO noticeable. 

Amorphous antimony prepared from a solution of any concentration explodes 
violently between 110 and 125® 0 when heated slowly in a test tube immersed 
in an oil bath. Polishing and etching of pieces exploded in this way shows 
that the usual crystallization lines are not present. The metal can also be 
made to lose its explosive property gradually by heating for an hour or more 
at 100®, when no explosion occurs and no crystallization lines appear on 
etching. As the metal treated in this way has undoubtedly become crystalline 
it would seem that exposure to a uniform high temperature results in a random 
crystallization in which the definite crystal orientation brought about by a 
heat wave is entirely absent. With craters made by touching the metal with 
a hot object there is often a relatively large area which shows no crystallization 
line, e.j., figs. 5, 6, Plate 8, and fig. U, Plate. 8. It seems probable that the 
crystallization in this region is completely random due to uniform heating, 
and that the regular crystal orientation occurs only in the wake of a moving 
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temperature gradient or heat wave. An attempt is being made to determine 
the rate of crystallization at temperatures below that at which explosion 
occurs with the object of obtaining the activation energy of the reaction. 

The exact topography of a crystallized polished surface has so far not been 
determined. The possibility of optical illusions, diffraction efEects, etc., 
must not not be overlooked in attempting to analyse photographs of a periodic 
phenomenon of this type. Efforts to measure the distance between troughs 
and crests by depth of focus have yielded no reasonable or consistent results. 
The saine is true of attempts to secure an “ end on ” picture of the “ waves.” 
Our opinion, however, after viewing many specimens and inspecting some 
sixty photographs is that the surface after crystallization is much like a 
ploughed field or the roof of a building covered with short thick slates. It is 
believed that the spaces between the lines or, to return to the simile, the 
weather faces of the slattjs, is a crystal face making a small angle with the 
surface plane and that the lines ” are due to another face making a large 
angle with the surface. The clearer portions of fig. 12, Plate 7, for example, 
suggest that this is the correct interpretation. Attempts are being made to 
prepares a crystallized surface uniform enough to be used as a diffraction grating 
and it is expected that more detailed information with regard to the surface 
structure will then be forthcoming. 

It gives us pleasure to acknowledge our indebtedness to Professor G, V. 
Douglas for the loan of microscopes and accessories, and to Professor C. B. 
Nickerson for assistance with the photography. 

DESCltlPTION OF PLATES 
Plate 6 

Fig, l—Polishod metal from 40% SbClj solution before explosion. X 150. 

Fro. 2 — Polished metal tom 40% SbClg solution ator explosion. X 160, 

Fig. 3 — Crater where spark hit, and exploded polished metal tom 40% solution. X 160. 
Fio, 4-~~Orater where spark hit, and exploded polished metal from 70% solution. X 37*6. 
Fig. 6— Crater oausod by touching metal from a 4()”o solution with a hot needle. X 160, 
Fig. 0 — Crater caused by touching metal tom a 40% solution obliquely with a hot wire. 
X 160. 

Fig. 7 — Edge of face of electrode from 40% solution exploded by spark to edge, x 160, 

Plate 7 

Fig. 8 — Side view of same crater as fig. 7. x 37*6. 

Fio. 9 — Edge of face of electrode tom 70% solution exploded at edge with a hot needle. 
X 37*6. 

Fio. 10--Side view of same crater as fig. 9. X 160. 

Fig. 11 — ^Two craters made by simultaneous sparks on metal from 40% solution. X 37'6. 
Fio. 12 — Same as fig. 11. X 150. 
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Platk 8 

Fig. 18 — Craters along needle scratch on thin deposit from 5% solution. X 37*5. 
Fig. 14 — Same as fig. 13. 

Fig. 15 — Line where explosion stopped in thin deposit 6% solution. X 150. 
Fio. 10 — Sam© as fig. 15. X 37’5. 

Fig. 17 — ^Typical exploded thin deposit from 6% solution, x 160. 

Fig. 18 — Crater made by single spark on thin deposit fiom 5% solution. X 37*6. 


The Crystal Structure of Copper Sulphate Pentahydratey CUSO4 . 

By C. A. Bkevers and H. Lipson, Georg© Holt Physics Laboratory, University 

of Liverpool 

(Communicated by W. L. Bragg, P.R.S. — Received April 4, 1934) 

[Plate 9] 

Introduction 

Despite their frequent appearance in the laboratory, few of the structures 
of hydrated salts have as yet been found. This may be due to the large numbers 
of parameters usually involved, which, in the absence of any general laws 
concerning water of crystallization, makes the analysis very difficult. It was 
thought that clues to such general laws might be obtained from a determination 
of the structure of copper sulphate pentahydrate which has many interesting 
properties and which has been studied from many different points of view. 
For examine, the decomposition on heating proceeds in three distinct stages, 

CuSO^ . bHgO CU8O4 . 3 HgO ^ CUSO4 . HgO CUSO4, 

reactions which should be explainable from a knowledge of the structure, 

Also, four of the waters are replaceable by ammonias, while the other one is 
retained. This suggests that one of the waters is very different from the others. 

Furthermore, Jordahl* has predicted a grouping around the copper atoms of 
an octahedron of oxygens, based on measurements of magnetic susceptibilities. 
It is of importance that this conclusion should be verified by the direct results 
of X-ray analysis. 


♦ ‘ Phy«. Rev.,’ voL 46, p. 87 (1934). 
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Copper siilphate also has an historical interest, since it was the crystal with 
which Friedrich, Knipping and Laue* established the undulatory nature of 
X-rays. 

Unit Cell mid Space Group 

Copper sulphate pentahydrate crystallizes in the triclinic system, and 
possesses centro-symmetry. Its space group is thus C^,^ 

The axial ratios and angles are given by Tuttonf as 

a:6:c = 0>6715:l:0*5676 
a 82 ^ 16', p = 107° 26', y 4^>'- 

The crystal, as is well known, grows from saturated solution at ordinary 
temperatures, and has a well-developed [001] zone. 

Oscillation photographs were taken with the crystal rotating about the three 
axes, and estimations of intensities were made from the rotations about the b 
and 0 axes. 

From the photographs a unit cell was deduced with 

ao = 6-12 A, 6o =- 10*7 A, Co 6*97 A ± 1%, 

in agreement with the crystallographic ratios. The volume of this unit coll 
is 363 A,** and it contains two molecules of CU8O4 . SHjjO. 


Delermination of the Copper arid Sulphur Positions 

We had estimated from our photographs the strengths of about 700 spots, 
in the usual classes: vs — very strong, s — strong, mns — medium-strong, 
m — medium, w-m — weak-medium, w — weak, v — very weak, ando — absent. 

Many of these were observed several times, and the strengths recorded in 
this paper are estimated averages. Bemars methodj was used in assigning 
the indices. 

A close inspection of the intensities showed that those with A 4* A: even were 
in general stronger than those with A + k odd. This effect is illustrated in 
fig. 6, Plate 9 which is a 30° oscillation photograph taken with the crystal 
rotating about the zone axis [li2]. The spots on the even layer lines thus 
have A + A even, and on the odd ones, A + A odd. It will be seen that the 

• • Aim. Riysik; vol. 41, p. 971 (1913). 

t “ OrysUllography and Practical Crystal Measurement/* vol, 1, p. 297 (Macmillan, 

im). 

t ‘ Proo. Roy. 8oo„’ A, vol. 113, p. 117 (1927), 



672 C. A. Beevers and H* Lipson 

even layer lines contain a much larger proportion of strong spots than do the 
odd ones. 

This suggests that there is a face-centred arrangement of some of the heavy 
atoms in the (001) plane. There are two possibilities : (a) the sulphurs face- 
centre the coppers, or (b) the two coppers themselves have the face-centred 
arrangement; 

DifEerentiation between these was made by comparison with the intensities 
of reflection from copper selenatt», CuSeO^ . 6 H 2 O which is isomorphous with 
copper sulphate. A face-centring of copper and seleniuni would show up very 
wed], since the two atoms have atomic numbers which are nearly equal. Fig. 7, 
Plate 9, shows a photograph similar in every way to fig. G, Plate 9, except that 
a crystal of copper selonate was used. It will be seen that the predominance 
of the h + k even spots is less marked, and the conclusion was reached that 
the face-centring is that of the coppers themselves. 

There are only tw^o essentially different ways in which this face-centring 
can have a centre of inversion ; the coppers must be on ( 000 ) and (i| 0 ) (t.c., 
on the centres of inversion) ox on (J|0) and (ffO). 

The distinction betw^eon these was made possible by a further reguhirity of 
intensities. It was observed that those spots for which A -f jfc is even showed 
a tendency to bo independent of h. This is shown in Taole 1. 
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This regularity must be due to the sulphur having the same x as one of the 
coppers* Comparison of sulphate and silenate reflections showed that the 
sulphur or selenium must have a large contribution to the odd orders of 100 ; 
this is shown in Table II, 
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Thus the x parameters of sulphur and copper cannot be J and consequently 
the coppers must be on the centres of inversion at (000) and (JJO). 

The second regularity of intensities made it possible to detect immediately 
those reflections which have a large oxygen effect, and it thus provided reliable 
data for the estimation of the sulphur parameters. From the intensities AAO 
the y parameter was estimated to be 0*28. (The calculations of relative 
amplitudes of reflection were made on the assumption that the /-number of 
Cu is twice that of S at all angles. This made it possible to consider groups of 
planes with the same k and L) 

The intensities hOl were used to find the z sulphur parameter, wliioh was 
estimated to be ±0*36. Both signs must be considered hero since the points 
(o y z) and (o yl) are not equivalent. 

Table II— Comparison of Orders of Reflection from (100) 

12 3 4 5 6 7 


CuSOi 8, H o B V m m 

OuHeOi 8 B w-iTi s m m B, m~B 


The general h k I intensities showed that the z parameter was — 0*36. 
Thus the parameters found were (000), (JJO) for the coppers, and (0 0*28 
0*64) for the sulphur. 


The Complete Structure 

The estabhshmont of the fact that the two copper atoms lie on the centres 
of inversion leads to the conclusion that the groups of waters round them are 
plane, and probably square. Six degrees of freedom are therefore involved. 
The sulphate group and the extra water also involve six degrees of freedom, 
so that 12 parameters are still needed to define the complete structure. It 
was found that the difficulties involved in handling such a large number of 
parameters were too great for the problem to be solved directly. 

Thus it was decided to use Fourier methods* to determine the projection 
of the unit cell on the (001) plane. Using a crystal slipf the intensities were 
measured of 89 MO reflections ; these were the reflections which we had esti- 
mated from our photographs as being in the classes higher than weak, and 
having sin 0/X <0*66. 

The observed F's (corresponding with one molecule of CuSO* , 6HjO) are 
shown in Table III. 


♦ W. L. Biagg, ‘ Pioo, Roy. Boo,; A, vol. 128, p. 587 (1929). 
t Bragg and West, * Z. Kristallog.,' vol. 69, p. 120 (192B). 
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Table III— Values of 
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The siguB of the F’s were assumed to be those of the Cu and 8 contributions 
except where the selenate photographs indicated the opposite. 

The resulting contour map is shown in fig. 1 . It will be seen that, apart 
from the Cu and S, eight other peaks are indicated in each half of the unit 
cell. There are three much smaller peaks also shown in the diagram, but apart 
from these, the background is everywhere between ± 70. Three of these peaks, 
labelled 1, 2, and 3, form a triangle around 8 , and the tetrahedral nature of 
the SO 4 group suggests that another oxygen atom, 4 , is directly in line with 
the S and consequently irresolvable from it. Estimation of the electron con- 
tent of the peaks verified this. 

The estimates were ; — 

Cu at (000) = 26 electrons 
Cu at (JJO) — 29 „ 

8 + 4(0) = 22i „ 

1 ( 0 ) = 10-2 „ 

2(0) = 6-9 „ . 

3(0) = 8-6 „ 

6(H,0) = 7-7 „ 

6(HjO) =6-7 „ 

7(H,0) = 6-6 „ 

8(H,0) = 7-7 „ 

9(H,0) = 8-6 „ 

Ionized sulphur would have 10 electrons, so that it is clear that if 4 is about 
the average of the other O’s, 8 must approximate more closely to the un-iomzed 
condition. The oxygen and water peaks are too small on the average, and the 
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totdl count for CUSO4 . SH^O is 112 electrons, iduch is maoh smaller than the 
required 120. This is partly due to the three “ ghosts.” 



Ftt>. 1— Fouriw «3mthe«iB of the projection of the sttuotuie on (001 ). Oontoun ore dmim 
at levels of 100» 200, $00, etc., and in the oxygen peaks, of IGO, shown by the dotted 
lines. 

The Fourier synthesis gives the sulphur position as (0*01 0 * 29 ) instead of 
(0-00 0 - 28 ). 
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The X and y parameters obtained can be accounted for by tetrahedral SO 4 
groups, and squan^ groups of waters round copper, assuming a distance of 
2 *5 A between oxygens in the former, and 2 * 8 A between waters in the latter. 
There are, however, for each of the groups two possible positions, which are 
connected by a plane of symmetry through the central atom and perpendicular 
to the c axis. In only one of the eight possibilities was there a good fitting 
together of the groups thcmBelvos. 

Even in this structure it was found that some of the interatomic distances 
were rather less than the usually accepted values, but small rotations of the 
groups could be made which increased these. The parameters finally chosen 
were 
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The z parameter of 9 (HgO) may easily be found from considerations of space, 
and turned out to be 0 - 66 , so that we had — 

9(E^0) 0‘43 0-12 0-65 

The structure was verified by the comparison of calculated and observed 
intensities ; this comparison is shown in Table IV. The / curves used were 
those of Cu, S (neutral) and 0”* in the tables of James and Brindley.* 

The (hkO) intensities of copper selenate were also calculated and showed 
excellent agreement with observed intensities. 

Discmsion of the Determined SPnusture 

Fig. 2 is a representation of the projection of the structure on a plane 
perpendicular to the c axis. The numbers in the circles representing the atoms 
are the z parameters, and the numbers outside the circles are the numbers given 
in the previous paragraph. 

The copper and sulphur positions give a typically ionic structure. The 
copper at ( 000 ) has round it four sulphurs, two at 3*55 A and two at 5*2 A, 

♦ * Z. Krwtallog./ vol, 78, p. 470 (1931). 
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and the copper at (^0) has eight, in pairs, at 3*6 A, 6-6 A, 6-3 A, and 
4-8 A. 

Round the sulphur are six coppers at the distances just given. It will be 
noticed that the sulphur is very close to two coppers. 

The arrangement of the oxygens and waters is of particular interest. 
Although the two coppers are not equivalent, they have similar groups of 
atoms round them, namely, octahedra composed of four waters and two 
oxygens. The octahedra are not regular : their dimensions are given in fig, 3. 


Table IV — Calculated Intensities in Order of 6 
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(There are difficulties in the estimation of the probable error of these distances, 
but we believe that it is less than 0*1 A.) The sulphate group is, of course, 
tetrahedral, with 0-0 distances equal to 2*5 A. 

Apart from the atoms in its own group, every water touches two oxygens, 
if the extra water bo counted as an oxygen. The contacts correspond to 
distances which are included in the range 2*76 i 0*2 A., and there are no 
other distances less than 3*2 A. 
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Fxa. 2 — ^Bepreuentation of the projection of the structure on a plane normal to the e axiH« showing 
the bonds between the atoms. Bonds between atoms in the same group are drawn in 
black ; others between atoms with the z parameters actually shown are drawn with full lines, 
and the bonds to atoms Co removed from these are shown by broken lines. 


oOO 




from the oxygens of the octahedrs suggests that there are direct bonds between 
them. With these assumptions it is possible to build different bond structures, 
of which that given in fig. 4 is an example. It was not found possible to get 
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exactly equal bonds to the sulphate oxygens, as these are all making difierent 
contacts, but in fig. 4 they are approximately equal. 

It will l>e seen from fig. 2 that the csopper at (^^0) is Uuked to the eight 
sulphate groups around it, in six instances by water contacts and in two by 
direct bonds to oxygen. The copper at (000) also is linked directly to two 
SO 4 groups, and by means of water contacts to two more ; but also by contacts 
to the extra water, it is linked to two more SO 4 groups, making six in all. 

The sulphate oxygens are all making different contacts. 1 touches Cu and 
HjO ; 2, Cu and 2Ha0^8 ; 3, 2 H 50 ’s ; and 4, SH^O’s. 

A theory of the structure of water has been proposed by Bernal and Fowler.* 
In this theory the water molecule resembles a tetrahedron with two corners of 
positive and two of negative charge. There is only one water molecule in the 
copper sulphate structure which can be directly compared with this, i.e., 9, 
which has four bonds, two to water and two to oxygen. The two bonds to 
water should be duo to the negative charges and the bonds to oxygens to the 
positive charges. 

It will be seen from fig. 2 that the four bonds do form a tetrahedral arrange- 
ment. The angle between the two bonds to the oxygens is 121*^, and between 
the two to the waters 108'’ ; the other angles between the Imds are 126°, 
92°, 114°, and 96°, and the average is 109° which is exactly the tetrahedral 
angle. The probable error in our determinations of the angles is not easily 
estimated, but if all the three distances which determine a particular angle were 
wrong by 0*1 A, the error in the angle may amount to 10° : in general it 
should be much less than that. It appears therefore that a certain amount 
of variation from the tetrahedral angle is possible. 

The theory cannot be applied exactly to the other waters since they have 
only three bonds, the two negative ones both going to the same copper atom. 
These distributions of bonds are as shown in fig, 6 . 

It will be seen that the three bonds to both 7 and 8 are exactly coplanar, 
while those to 6 and 6 are only approximately so. The angles between the 
two bonds to oxygen are on the average distinctly greater than the tetrahedral 
angle of 109°, actually the mean is almost exactly 120°. This point was 
tested on the crystals BeSO^ . 4HjOt and NiS 04 . 6 Hg 04 which also each 
water touches two oxygens. In the former there is only one O-H3O-O angle, 
and it is exactly 120 ° ; in the latter there are three, which are 99 °, 126°, 

♦ * J. Chem. Phys.,* vol. 1, p. 616 (1933). 
t Beevere and lipson, ‘ 21. Kristallog./ vol. 82, p. 297 (1982). 
t Jhid., vol. 88, p. 128 (1982). 
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and 132®, of which the mean is 119®. The large variation in this latter crptal 
is to be expected ; its remarkable cleavage plane suggests that the O-HgO 
bonds across it are not very strong. It may therefore be said that the positions 
of the water molecules in copper sulphate agree well with the theory of Bernal 
and Fowler, but that when the water molecule is one of a positive co-ordination 
complex the angle between the two bonds to the negative atoms is about 120® 
rather than 109®. It may be pointed out that this deviation is less than that 





which is proposed in the quartz-like structure of water : in this the bond angles 
are 132®. 

The structure of copper sulphate explains well the existence of the throe 
successive stages of dehydration, which correspond with the breaking up of 
the group roimd one of the coppers, then of the other group, and finally the 
expulsion of the odd water molecule. It is tempting to push the theory 
further. The last water molecule is very firmly bound with a tetrahedral 
arrangement of bonds. The molecules of the group round have a coplauar 

system of three bonds which one would expect to be much less stable, while 
the molecules of the ground round (000) have a distorted coplanar arrangement, 
which should be weaker still. Thus it is to be expected that the group round 

2 T 
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( 000 ) would break up first, a conclusion which is also reached by considuration 
of the bond gtrengths. Tliat this theory is very incomplete is evident from 
the argument that it cannot be presumed that the bonds to the odd water would 
retain their tetrahedral arrangement after the disruption of the other groups. 
Definite evidence might be obtained by a determination of the structure of 
CuSO^ . 3HjO. 

According to Jordahl,* the variation of the mean susceptibility of CUSO 4 . 
5 H 2 O with temperatme can be explained by groupings of oxygens around the 
copper atoms with approximately cubic symmetry. Measurements also 
suggest that the atoms form an octahedron rather than a tetrahedron or a 
cube. The structure affords a complete verification of this theory. 

We have to thank Professor W. L. Bragg for his constant interest and for 
allowing us to make the necessary absolute measurements at Manchester. 


Summary 

In CuSO^ . 5 H 2 O the copper atoms lie on the special positions (000) and 
(i^) and the sulphur upon the general position (0*01 0*29 0*64). Pour of 
the waters are arranged in squares around the coppers, and two oxygens make 
with these approximate octahedra. The fifth water is not co-ordinated, but 
is in contact with two oxygens and two waters. All the waters show two 
oxygen bonds each, in accordance with recent ideas. 


* ‘ PhyB. Rev,,’ vol, 46, p. 87 (1934). 
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The Kinetics of the Oxidation of Gaseous Hydrocarbons II — The 
Oxidation of Ethane 

By E. W. R. Steacie and A, 0. Plewks 
(C ommunicated by H. T. Barnes, F.R.S. — Received April 6, 1934) 

I'ntrod%u^ion 

It has been repeatedly stated that aldehydes are of importance in the 
oxidation of sattirated hydrocarbon8.t Thus in discussing the question 
KasselJ says ‘‘ Taking the results of these Wo investigations together it is 
clear that the general nature of hydrocarbon oxidation involves aldehyde 
formation followed by a chain oxidation of the aldehyde . . . Under 
favourable conditions the excited molecules which carry the chain may crack 
a considerable amount of the original hydrocarbon.” 

In the previous paper of this series§ it was shown that the addition of acet- 
aldehyde to ethylene-oxygen mixtures had no effect. Hence normal acet- 
aldehyde molecules and their products of oxidation were not effective in the 
propagation or continuation of the chain process. 

This behaviour appears to be in sharp contrast to the work of Bone and Hj 1I.|| 
who reported instant inflammation on adding acetaldehyde to ethane-oxygen 
mixtures. This difference in behaviour seemed to warrant a further investiga- 
tion of the question, and the present paper deals with the oxidation of ethane 
in the presence of added substances. 

Experimental 

The apparatus and experimental method were the same as in the previous 
investigation. 

Ethane of 90% purity was obtained in cylinders from the Ohio Chemical and 
Manufacturing Company. It was purified by two fractional distillations, 
the middle third being retained each time. The final product was 96-98% 
ethane, most of the remainder being nitrogen. 

Oxygen, ethylene and acetaldehyde were as previously described. 

t Pease, ' J. Amer. Chein. Soo./ vol 51, p, 1839 (1929) ; Pope, Dykstra and Edgar, 
vol. 51, pp. 1876, 2203, 2213 (1929). 
t ** Kinetics of Homogeneous Ga« Reaction®,*' p. 289 (1932). 

§ Steacie and Plewee, p. 72. 

11 ‘ Proc. Roy. Soo.,’ A, voL 129, p. 434 (1930). 
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Experimental Results 

Throughout the investigation mixtures consisting of ICaH^ -j" 2-3 — 2 A 0^ 
were used at 452^ C. As may he seen from fig. 1 the reaction process consists 
of three distinct phases («) a period of inhibition, (5) an induction period, and 
(c) the main reaction period. The general form of the pressure-time curves is 
in agreement with the investigations mentioned above. 



Fig. 1 — Typical pressure-time curves ; OjHj -f 2»30| ; 452® C 


The Pressure Chafige accompcmying the jBear^ion-^ome typical pressure 
increases at completion, relative to the initial partial pressure of ethane are 
given in Table L 


Table I — Pressure Increase at Completion. 10211^ + 2 *302- 452® C 


initial partial 
pressure of CjH,, cm 

7*41 

8-6e 

7-49 

9‘27 

7*68 

0‘79 

7-74 

10*57 

13*03 


% prcNHuro increase 
at completion 

105 

106 
106 
104 
106 
102 
107 
104 
104 


It is evident that there is no drift in the pressure increase with changing pres- 
sure. The reaction CaHg -f* == 2CO + SHgO would lead to a pressure 

increase of 150%. The reaction CgHg + = 200* + SHgO would 

give 50%. 

As will be seen later both CO and CO 2 are formed. It is evident that both 
processes are occurring. No exact agreement between pressure change and 




The Oxidation of Gaseous Hydfomrho^fis 


586 


analyses can be expected, however, since (a) some ethane is always left over at 
the end of the reaction (b) a certain amount of condensable products is un- 
doubtedly formed. 

The Products of the Reaction — Some typical analyses of the gaseous products, 
made at various times throughout the investigation are listed in Table II. 


Table II- The Products of the Reaction 


Sample taken at 

1 hour 
after 

Completion 

60% 

preHHure 

Knd of 
inhibitory 

CO. 

cA 

(joraplotion 

12*4 

11 5 

114 

change 

3 

period 

0*5 

4*4 

3 8 

4-5 

10*3 

0*2 

Oa 

10-9 

100 

100 

50*5 

64*5 

CO 

45 3 

401 

47-7 

10'7 

0 

CaH, 

4-7 

— 

7‘2 

11*2 

26*7 

Ha 

30 


4-5 

— 

0 

CO/COa 

3-7 

40 

41 

3*6 

— • 


The original mixture contained 67*2% oxygen, 27*5% C 2 Hfl, as shown by 
analysis. The residue was mainly nitrogen. 

The Rate of Reaction — Some typical pressure-time curves are given in fig. 1, 
and the complete data for a few runs in Table III. 


Table III — Data for Typical Runs. Initial pressure, cm 


6*23 



7*20 

10-30 



10*96 

r~ 

^ 

* 






Time 

mins 

%dP 

Time 

mins 


Time 

mins 

%dP 

Time 

mins 

%jp 

0 

0 

0 

0 

0 

0 

0 

0 

10 

0 

10 

10 

10 

0*3 

10 

1*1 

26 

1*8 

25 

2*5 

30 

1*8 

20 

2*0 

40 

4*3 

40 

5*4 

50 

7*1 

30 

0*9 

50 

8*0 

60 

10*7 

67 

15*2 

40 

17*5 

60 

16*3 

60 

21*4 

59 

20*6 

43 

.36*0 

65 

21-2 

64 

30 0 

61 

29*6 

44 

66*5 

70 

27*3 

66 

40*5 

62 

37*3 

45 

98*3 

74 

63*6 

68 

66 0 

63 

66*2 

47 

103-7 

76 

81*7 

70 

79*0 

64 

89*6 

49 

103*7 

80 

101*1 

72 

98*4 

66 

103*7 


— 

85 

1050 

74 

104*5 

66 

103*7 

— 

— 

87 

105*0 

76 

104*6 


— 

— 

— 


In order to obtain a measure of the rate of reaction, it is necessary to eliminate 
the effect of the long and rather erratic period of inhibition. The later stages 
of the process are quite reproducible. To make sure of eliminating the 
induction and inhibition periods, we have chosen as a measure of the rate the 
times for the pressure to increase from 50 to 60%, and from 60 to 70%, relative 
to ethane. The data are given in Table IV. 

If we plot log T 7 q“T«o against log PC 2 He, we obtain a fairly good straight 
^ine, and find that the apparent order is about 3*5. It will be noticed that 
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the ratio of to T^o-Tjo remains more or less constant until we reach 

high ethane pressures. At high pressures the ratio duninishes. This is due 
to the fact that at high pressures the induction period is suppressed. This is 
shown by fig. 1. 

It was found that the time of pumping, history of the bulb, etc., had no 
appreciable effect on the rate as inferred from T 7 q-T(,o and Teo"T 5 Q. The 
inhibition period, however, was extremely sensitive to the history of the bulb. 
This will be discussed in connection with the effect of added substances. 



Table IV— ICaHe + 2-30,. 

452° C 


Run No. 

PC,H„ 

cm 

min 

min 

T,«-T,. 

Kemarkft 

2 

6*23 

1 32 

1*34 

101 

Mixed outside 

7 

6-29 

1*69 

1*49 

0*89 


11 

6-46 

1*84 

1*34 

0*82 

CjH, first, 0| lost 

8 

7‘79 

MO 

102 

0*93 

Mixed outside 

3 

7*90 

1*28 

M3 

0*89 

» » 

12 

8*22 

0*96 

0*93 

0*98 

tt 

23 

10*38 

0*66 

0*42 

0*77 

ft 

22 

10*92 

0*60 

0-29 

0*57 

ft 

28 

11*07 

0*60 

0*27 

0*54 

ft 


The^ Effect of Added Suhnlames — The effect of added substances on the main 
reaction is given in Table V, and on the induction period in Table VII. 

In calculating the percentage pressure change, and the values of 
and Tjo for runs with added acetaldehyde, a correction has been made for the 
pressure change accompanying the oxidation of the acetaldehyde. This has 
been shown in the former paper to amount to a 55% increase at 452® C. 

In considering the results given in Table V it must be remembered that on 
account of the form of the pressure-time curves it is not possible to obtain a 
very high degree of reproducibility in the values of T70'"T5 o and ^60“^ 50. 
Within the experimental error, however, it is apparent that acetaldehyde 
and its products of oxidation are without effect on the main body of the reaction. 
This is in disagreement with the conclusions drawn by Bone and Hill from 
their experiments. It is worth mentioning that according to Prettref alde- 
hyde-hydrocarbon-air mixtures will only explode at high partial pressures of 
aldehyde. 

The fact that aldehyde is without appreciable effect on the main body of 
the reaction is confirmed by analyses of the products made after runs with 
added aldehyde. Some typical examples are given in Table VI. 


t * Bull. 8oc. Chim.,* vol. 61, p. 1132 (1932), 
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Bun No* 


16 

17 

27 

36 

4 

9 

10 


21 

24 

13 

15 


18 


Table V — lC 2 Hg + 2*302 + foreign substances 


PC.H., 

cm 

Added subBtancc 

% pressure 
increase at 
completion 

Tgo”T|g, 

min 

min 

5-82 

0‘2omCH3CHO 

105 

2*21 

1*69 

8-88 

0*1 cm OHgOHO 

104 

0-87 

0*82 

10-98 

0-5 cm CHjCHO 

104 

0*32 

0*31 

10*40 

1 -0 om CH,CHO 

104 

0*75 

0-64 

5*88 

l‘88cm CH3CHO 

97 

1*35 

M9 

7-Ofl 

1^55 cm CHgCHO ftf end of 
inhibitory period (70 mins) 

100 

1*24 

M2 

0*07 

1-44 cm CH3CHO after 14 
mina 

100 

1*97 

Ml 

7-65 

8 mm Hg 

103 

0*97 

0*92 

5-9] 

14-08 ccH, 

51% followed by decrease 

7*79 

2 mm products taken from 
previous run at- completion 

104 

M2 

0-86 

6*60 

3 mm products taken from 
previous run at end of in- 
hibitory ixjriod 

107 

1*52 

M8 

6*10 

14'6 cm Ng 

106 

1*71 

1*29 


Table VI-1C2H« + 2*302 


Aldehyde added 

0-4% 

M% 

2-7% 

CO, : 

11*0 

I4*2t 

14*3 

C.H, 

3*3 

0-4 

6*3 

0. 

CO 

13-5 

5*3 

9*6 

•13*0 

40*0 

48*4 


T.o^T,o 


0-77 

0-94 

0-96 

0-86 

0-88 

0*9C 

0 -,% 


0 96 


0*79 

0-78 

0-76 


t The second analysifi was done on a sample taken from a reaction mixture which exploded 
on account of the high total pressure. Hence the COg is rather higher than usual, Og is lower, 
most of the CgH^ has disappeared. The residue from this run wa« mainly hydrogen. 


Nitrogen and traces of the products of reaction are also without effect on 
the main body of the reaction. Small quantities of hydrogen are also without 
effect. Large quantities of hydrogen enter into the actual reaction. 

It is apparent from Table VI that the inhibition period is much more erratic 
than the main body of the reaction. This is in agreement with the work of 
Kowalsky, Sadownikow, and Tsohirkow.J and of Taylor and Riblett.§ 

In spite of the erratic behaviour, however, it is possible to draw certain 
general conclusions. 

(o) The length of the inhibition period diminishes with increasing ethane 
concentration. 

(6) The inhibition period is shortened by diminishing the time of pumping 
or by adding traces of products. Under those conditions the reproducibility 
is much better than in a thoroughly pumped out vessel. 

t ' Phys. Z. Sowjet.,’ vol. 1, p. 451 (1932). 

§ ‘ J. Phyi. Ohem.,’ vol. 35, p. 2667 (1631). 
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(c) In the same vessel, there is a slight diminution in the inhibition period 
in successive nms. 

(d) The inhibition period is intensified in a new bulb, or by baking out 
750 

(e) The effect of hydrogen is similar to that of traces of the products. 

(/) The addition of large amounts of nitrogen seems to increase the inhibition 
period. 

Table VII — ^The Inhibition Period 


Run 


Added substanoe I'^'hibitiont Remarks 

No. 

cm 

penod» mm 

26 

11*70 

None 

16 

Pump<?d 24 hours 

2i> 

11*30 


10 

4, 24 „ 

28 

1110 


13 

,4 24 ,, 

22 

11 00 


18 

48 

23 

10-40 

fp 

31 

tf 5 #» 

12 

8>23 

fp * * * - ■ 

60 

4, 48 „ 

8 

7*80 


40 

,4 1 ,4 

Pumped 1 hour after No. 36 

37 

7*63 


25 

36 

7*27 


48 

Heat^ to TSO** C and pumped 

3 

7-20 

>* 

30 

Pumped 1 hour 

6 

7-03 


80 

,, 24 hours 

35 

6-97 



60 

»f 4 ,, 

34 

6*54 


70 

ft 48 ,, 

11 

6*46 

1# 

60 

Pumped 24 hours, ethane put 
oxygen later 

7 

6*29 

»» 

70 

Pump^ 24 hours 

2 

6*23 


36 

,, 1 hour 

First run in new bulb 

1 

6*77 

ff * 

62 

13 

7*78 

2 mm product* taken at 
completion 

36 

— 

15 

6*52 

3 mm products taken at 
end of inhil)ition period 

38 


18 

6*10 

16*60 cmN, 

83 

Pumped 1 hour 

IS 

6*96 

14* 14 cm N, 

66 

„ 24 hours 

21 

7*65 

5 mm H, 

30 

Pumped 1 hour 

24 

6*92 

14*14 cm H, 

36 

M 36 hours 

26 

7*02 

16*74 cm Eg 

28 

,, 0*6 hour 

17 

8-90 

Trace of CH,CHO 

36 

■ ■ 

27 

11*00 

6 mm CHjCHO 

l*4cmCH,CHO 

8 



6 

6*69 

0^5 

— 

4 

38 

10 

6*89 

10*40 

6*06 

2*1 cmCH.CHO 

1 cm CHaCHO added after 

6 mins. Reaction be- 
gan immediately 

1*7 cm CHgCHO added 

1 



after 14 mins. Reaction 
began immediately 

16 6-83 2 mmOH,CHO 

20 7*63 1 cmm of product* from 

a CHjCffoO, run 


45 


Bulb filled with CH,OHO, Stood for 
6 min*. Pumped down to 2 mm 


t The inhibition period has been taken a* the tiino from the atari of the reaction until the 
pressure increases 2*0 mm. 
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(g) Traces of acetaldehyde, or of the products of acetaldehyde oxidation 
have an effect similar to that of the products of the reaction. 2 or 3 mm 
of aldehyde cut down the period enormously, while larger quantities prac- 
tically eliminate it. 

It is evident that the inhibition period must have its origin in a surface 
effect. Aldehyde, although it exerts no influence on the main process in the 
gas, must have a very pronounced effect on the processes connected with 
the inhibition period. 

The Oxidation of Ethylene-Ethane Minutes 


Four runs were made with ethane-ethylene-oxygen mixtures. The data 
are given in Table VIII. 

Table VIII 


1 


n 


III 


IV 

C,H«= 5 -68 cm 

6-29 cm 

9-00 cm 

9*42 cm 

C.H. ^ 8-21 

cm 

7-66 cm 

1*31 cm 

1- 

37 cm 

05 ^^ 30 -59 cm 

28*40 cm 

22*70 cm 

23 

• 78 cm 

Time 


Time, 

-dP. 

Time, dP, 

Time, JP, 

miiut 

cm 

mins 

cm 

mins cm 

mins cm 

0 

0 

0 

0 

0 0 

0 

0 

3 

0*04 

3 

0-10 

19 0-22 

15 

0*10 

S 

0-36 

6 

0*26 

25 0-66 

22 

0-40 

7 

4*66 

6 

0-75 

29 1-00 

28 

Ml 

S 

10*06 

7 

2*00 

33 2*10 

31 

2*43 

9 

10*76 

8 

6*90 

36 3-74 

33 

4-10 

10 

10-76 

9 

10-28 

36 6-69 

34 

6*74 

12 

10-76 

10 

10-28 

37 8-46 

35 

10-02 

15 

10-75 

11 

10*28 

38 10*02 

36 

10-60 





40 10-02 

38 

10-60 

JP at completion 







awiuniing 65% 
for C,H 4 and 







10% for 

10*47 


9*76 

10*17 


10-65 


The fact that the pressure change at completion in the mixtures is the same 
as that calculated for the separate reactants shows that there is no funda- 
mental change in mechanism. 

In runs III and IV the CjH 4 concentration is so low that, in the absence of 
it would give an inhibition period of 15-20 minutes. The pressure 
is such as to give one of about 15-20 minutes also. Hence it is not sur- 
prising that the inhibition period is unaffected by the addition of CaH 4 . It is 
evident that C 2 H 4 and CjH® are not interchangeable in the processes which 
occur in the inhibitory stage. The main body of the reaction is likewise 
unaffected to any great degree, as may be shown by calculating T7a“Teo and 
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The data for run II are plotted in fig. 2 . It will be seen that there is an 
inhibition peiiod of about 4 minutes. This corresponds to the behaviour of 
C2H4 alone at the partial pressure used here. After the inhibition period the 
reaction proceeds very rapidly (curve A). Curves B and C show the rates at 
which C2Hg and C2H4 at tlie partial pressures used would react if they were 
entirely independent of one another. It is apparent that the rate of oxidation 
of the mixture is much greater than the sum of the rates for th^ single com- 
ponents. Curve D shows the rate of oxidation of pure CaH® at a pressure 
approaching the sum of those of the hydrocarbons in curve A. The similarity 
in the two curves shows that C2H4 and CgH^ are evidently interchangeable so 
far as the chain process is concerned. 



Fig. 2 — The oxidation of niixtums of ethane and ethylene. A, 5 *29 cm C,Ha 7 * 96 cm. . 
CJtLt 4 28*40 cm 0^ ; B, 6*20 cm CjH, -f 11*02 cm Og ; C, 7*66 om CgHg -f- 16*03 
cm Og ; Dt 11*07 om CgH, 26*30 om Og. 


The Effect of Surface 

Runs wore made with CgHe-Oj mixtures in a reaction vessel packed with 
short- lengths of quartz tubing. With fresh surfaces the inhibition period was 
decreased. Thus in two nms at about 10 cm pressure the inhibition periods 
were 6 and 8 minutes. This is about one-sixth the value for the empty bulb 
under similar conditions, and the ratio of new surface to old was approximately 
6 : 1 . It is therefore evident that the processes involved in the inhibitory 
period are surface reactions. The process subsequent to the inhibitory period 
was greatly suppressed, pointing to a breaking of chains at the wall. 

In the empty bulb the ageing of the walls was very slight. In the packed 
bulb the effect was enormous, and after a few runs the reaction was practically 
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stopped. This was probably due to a slight deposit of carbon which was 
formed. No such deposit occurred in the empty bulb. 

In the packed bulb the addition of acetaldehyde and of ethylene had com- 
paratively little effect. 

It is apparent that the reaction process is considerably altered in the packed 
bulb. Thus the pressure change at completion is reduced from 105 to about 
45%. This is in lino with the results of analysers, as shown in Table IX. 

Table IX — Analyses in Packed Bulb 



Original 

mixture 

At end of 
inhibitory 
period, % 

At 

completion 

0/ 

/o 

CO- 

cA 

— 

0-6 

23-6 

— 

1-2 

5*7 

0, 

67 0 

650 

0-8 

CO 


00 

28*4 



28-6 

18*0 

6*0 

H, 

— 

41 

0 


Discussion 

Previous Work — Before discussing the present work, it is necessary to review 
briefly the results of previous investigations on the oxidation of ethane. 

Bone and Hill {loc, cit.) studied the reaction in a silica bulb at temperatures 
between 290 and 323® C, and at total pressures from 400 mm to 790 mm. 
Their main interest was in the products of the oxidation, and very little attention 
was paid to the kinetics of the reaction. They observed a very long inhibition 
period followed by a typical autocatalytic pressure-time curve. Increase in 
pressTire decreased the inhibition period. Packing the vessel strongly retarded 
the reaction. They also investigated the effect of a number of foreign sub- 
stances on the inhibition period, and found that iodine, water, hydrogen 
peroxide, ethyl alcohol and formaldehyde cut down the period of inhibition, 
while acetaldehyde caused instant inflammation. As a result of analyses at 
the end of the inhibition period, they concluded that there was no detectable 
reaction during this period. 

The results of analyses at completion are in general agreement with those 
reported here. Exact agreement can hardly be expected in view of the 
difference in the temperature ranges of the two investigations. Their analytical 
results favoured Boners hydroxylation scheme for the products of oxidation. 

The only disagreement between the results of Bone and Hill and the present 
investigation arises in connection with the effect of added acetaldehyde on 
the rate of oxidation of ethane. The pressures used by them were much higher 
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than those reported here, it is true, but if explosion occurs at 310^^ C, it would 
certainly be expected at 450° C, and in the present work no explosions were 
obtained even with 20% acetaldehyde. The discrepancy may possibly be 
explained by the observations of Prettre who found that acetaldehyde-air 
mixtures would explode within a certain temperature range, but not at higher 
temperatures. 

Taylor and Riblett (loc. ciL) investigated the kinetics of the ethane-oxygen 
reaction from 450° to 480" C in a pyrex bulb. They used pressures com- 
parable to those used here. They found an average inhibition period of about 
two minutes. The pressure increase at completion was about 21% relative 
to the total initial pressure, which is rather lower than that of the present 
investigation. They found that packing the vessel caused only a slight 
diminution in the rate. If, however, the vessel was packed with pyrex glass 
coated with KCl, the reaction was virtually stopped. The inhibition period 
was found to be entirely erratic. It is apparent that silica and pyrex behave 
quite differently. Their results, however, are in general agreement with ours. 
They suggested that the inhibition period was caused by a reaction accom- 
panied by little or no pressure change. 

Finally, the work of Kowalsky, Sadownikow, and Tschirkow was done at 
about 600° C and 7 cm pressure. Here again a very short inhibition period 
of about 30 seconds was found. The results were quite erratic, and the surface 
appeared to age, This is in agreement with the present work. The authors 
concluded that the ageing effect was due to the removal of an adsorbed layer 
by the reactants. 

If the reaction vessel were heated to 1000° C and evacuated, the rate at 
600° C was found to be faster than before. This is in contrast to the present 
work, since w^e have found that heating to 750° C and evacuating intensifies 
the inhibition period. It is possible, however, that heating to 1000° C may 
have caused a permanent change in the quartz surface, since some, devitrifica- 
tion occurs at such a temperature. The maximum pressure increase relative 
to ethane was found by them to bo 50%. This is definitely lower than that 
found here, but at the much higher temperatures which they used oxidation of 
CO to COa would occur. 

The Thmry of Hydrocarbon Oxidation — The hydroxylation theory of Bone 
furnishes a very valuable scheme for the prediction of the products of gaseous 
oxidation reactions. It makes no attempt, however, to discuss the mechanism 
of the process. The first attempt in this direction was that of Egertonf who 

t * Natuw,’ vol. 121, p. 10 (1028). 
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assumed that the oxidation proceeded through the initial formation of a 
peroxide. Thompson and Hinshelwoodf suggested a fusion of the peroxide 
and hydroxylation ideas for the oxidation of ethylene, viz. : — 

C 2 H, + 0 a-C 2 H ,.02 

. Oa + CaH^ - 2 CHa=CHOH* 

CHg ’ -CHOH* continues the chain 

W.Oa + Oa-CaH, + 20a 

or 

== stable oxidation products. 

One of the most useful developments of the peroxide theory was made by 
Bodenstein.J He attempted to explain both the products and the kinetics 
of th(^ process. Tims for ethylene his scheme may be represented as : — 

( 1 ) 

( 2 ) CW + Oa-CA.O^ 

( 3 ) C2H4 . Og + O2H4 C2H4* + CHOH - CHOH 

(4) CaH 4 . Og + O 2 = Products of oxidation 

(5) C 2 H 4 . Og — Products of oxidation. 

The main objection to this scheme is that it leads to an induction period only 
if we assume the presence of some inhibitor. 8 emenoff§ claims that the 
Bodenstein scheme is not applicable to the oxidation of saturated hydro- 
carbons. 

A number of investigations!] have suggested that the oxidation of saturated 
hydrocarbons is initiated by a primary dehydrogenation of the paraffin. 

The work of Pease on the oxidation of propane and butane gave definite 
indications that the following three homogeneous overall reactions occurred ; — 

(1) CaHe-CaHe + Hg 

(2) CaHa + i02-C3H^ + H20 

( 3 ) C8Ha + 20a = C0 + 2H20 + CH 3 CH 0 . 

At lower temperatures reaction (3) predominated and showed the character- 
istics of a chain reaction. At higher temperatures reactions ( 1 ) and (2) became 

t * Proc. Roy. Soc./ A, vol. 125. p. 277 (1929). 
t * Z. phys. Ghom,/ B, vol. 12, p. 141 (1931), 

§ * Phya. Z. Sowjet./ vol, 4, p. 563 (1932). 

II Brunner, ‘Helv. Chim, Aota.,’ vol. 11, p. 881 (1928); Berl, Heiao and Winnaoker. 
* Z. phys. Chem.,’ A, vol, 139, p. 453 (1928); Pease, * J. Amer. Chom. Soo.,* vol, 51, 
p. 1839 (1929); Lewis, ‘ J. Chem. Soo./ p. 1666 (1927), p. 769 (1929), p. 68 (1980). 
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important. Experiments in a packed bulb indicated that the surface played 
a definite part in the process. 

Conclusions from this Investigation — ^The following are the main conclusions 
which can be drawn from the present work. 

(1) There is a long period of inhibition, which decreases as the total pressure 
is raised. Heating to a high temperature, or long pumping intensifies the 
inhibition period, while packing cuts it down. 

(2) Aldehydes, hydrogen, and the products of the reaction reduce or eliminate 
the inhibition period. Nitrogen seems to increase it. 

(3) Chains started by ethylene can be continued by ethane. 

(4) Analysis shows that hydrogen and ethylene are present at the end of 
the inhibitory period, and throughout the reaction. 

(5) The main reaction is strongly suppressed by packing. 


Discussion 

The erratic nature of the inhibition period and its dependence on the history 
of the reaction vessel make it apparent that it is a surface effect. The fact 
that packing decreases the inhibition period shows that it is dependent on a 
heterogeneous reaction rather than on a chain breaking effect at the surfaces . 
It may therefore be assumed that the progress of the main reaction is dependent 
upon the accmnulation of products formed heterogeneously during the inhibition 
period. 

The explanation of the action of aldehydes, hydrogen and the products of 
the reaction in cutting down the inhibition period must necessarily be ad hoc. 
It is first necessary to decide what reactions occur at the surface during the 
inhibition period. Since ethylene is formed the most likely processes are 

+ Ha 

and 

CaH^ + iOa-^CaH^ + HaO. 

The first process is probably too slow relative to the second to be of much 
importance. The second reaction will occur when an adsorbed ethane mole- 
cule finds itself adjacent to an atom of oxygen. We may possibly explain the 
effect of added substances on the rate of reaction by assuming that on a clean 
surface oxygen is irreversibly adsorbed in the manner postulated by Langmuir 
to explain processes occurring on tungsten filaments. Ethane is thus kept 
off the surface and no reaction occurs. The presence of products, aldehydes, 
etc., prevents the formation of a complete layer, and on their evaporation 
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ethane may be adsorbed in the gaps and further free the surface of oxygen by 
reacting with it. 

In any case, no matter what the mechanism of the surface may be, the 
inhibition process unquestionably leads to the formation of ethylene. 

The main reaction is a homogeneous chain process. The efiect of packing 
indicates that the chains are started in the gas and broken at the wall. It has 
already been suggested that the primary process in the oxidation of ethane is 
dehydrogenation. The present work strongly confinns this idea in a modified 
form, viz., that the main chain process is the oxidation of ethylene, but that 
chains started by ethylene may be carried by ethane, ethylene being regenerated 
in the process. The evidence for this view is of several kinds. 

( 1 ) Ethylene was always present during the reaction. In one experiment 
in which a sample was withdrawn at tlie half-way stage, the ethylene present 
amounted to 63% of the ethane wluch had reacted. 

( 2 ) It is apparent from fig. 2 that ethane and ethylene are interchangeable 
during the main chain process. 

( 3 ) In the packed bulb the chain process is almost entirely suppressed as in 
the oxidation of ethylene. This would naturally occur if the reaction consists 
mainly of ethylene-oxygen chains which can be continued in ethane. 

(4) Acetaldehyde has no effect on the main chain process as with ethylene- 
oxygen mixtures. 

The following mechanism for the reaction may therefore be suggested : — 

(1) C 2 He f — C 2 H 4 4 - H^O (wall) ^ Inhibition 

( 2 ) CaHg == C 2 H 4 + Ha (gas) J period. 

(3) 

( 4 ) + 

(5) CaH 40 a + CaH 4 ^ C 2 H 4 * + Products 

( 6 ) C 2 H 4 O 2 -h Og == Products 

( 7 ) 0,11402 + CgH* - C2H4^ + C2H4 -f HgOg 

( 8 ) C 2 H 4 O 2 “ Products. 

On this basis reactions ( 4 ), ( 6 ) and (7) constitute the chain process. The 
chains arc broken by ( 6 ), ( 8 ) or by the wall. 

From the above we have 
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Evaluating (CjHiOg) by putting its rate of formation equal to its rate of 
destruction in the steady state we obtain 


_ fc. H i - K7Ka(C,H,)(C,H,) 
dt K,( 0 ^ + Ks ' 


It is obviously not entirely justifiable to treat the steady state concentration 
of C2H4 in the same way as that of C2H40a. However, this method will give 
a result which is approximately correct, and we obtain 


(C2H4) = 


K,(02H[e)(CaH«02) 

K^+KsltW)*)’ 


Kg is obviously negligible compared to K5(C2H402), since the one represents 
the initial rate of formation of C2H4*, and the other its formation in the chain 


process. Hence we have 
whence 


(C2H4) = , 




On the basis of the above equation the reaction should be retarded by excess 
oxygen, and more or less independent of oxygen when ethane is in excess. 
This is in general agreornent with the work of Taylor and Riblctt and with the 
work of Pease on the higher saturated hydrocarbons. 

On account of the form of pressure-time curves it is very difficult to infer 
the order of the reaction with respect to ethane from exj^erimental data. 
Depending on the stage of the reaction chosen for comparison the apparent 
ethane order lies between 1*5 and 3 * 5 . The equation therefore, in spite of 
the approximations involved, reproduces the experimental facts in a satis- 
factory manner. 

The fundamental basis of the above scheme is the Bodenstein mechanism 
for the oxidation of ethylene, together with the assumption that ethane 
participates in the ethylene-oxygen chains and is dehydrogenated in the 
process. It is suggested that the oxidation of all saturated hydrocarbons 
proceeds in an analogous manner. 

Further work is in progress on the oxidation of acetylene, ethylene, ethane and 
methane. 


Summary 

An investigation has been made of the oxidation of ethane and its mixtures 
with acetaldehyde and ethylene. 
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Acetaldehyde virtually eliramatea the inhibition period but has no effect 
on the subsequent reaction. In the niain chain process ethane and ethylene 
are practically interchangeable. 

It is concluded that — 

(а) The inhibition period is a surface process which leads to the production 
of ethylene. 

(б) The oxidation of saturated hydrocarbons occurs through a primary 
dehydrogenation, followed by a chain oxidation of the olefine thus produced* 
Further cracking of the saturated hydrocarbon occurs during the oxidation 
of the olefine. 


Problem of the Sedimentation Equilibrium in Colloidal Suspensions 
By S. Levine, Department of Physios, University of Toronto 
(Communicated by J. C. McLennan, F.R.S. — Received April 10, 1934) 

§ 1. Introduction 

As is well known, in 1909, Perrin investigated the sedimentation equilibrium 
of colloidal suspensions and obtained a logarithmic decrease in concentration 
with the height, the result being confirmed by other workers. This was in 
agreement with the distribution law for ideal ” behaviour of the sol, 

log n = log n^ + v^d (p, — pa)/*T, (1) 

where n and are the number of particles per cubic centimetre at depths d 
and 0 respectively, Vj, is the volmne of a single particle, and pg are densities 
of particles and dispersing medium respectively, g, h T having their usual 
meaning. Costantin,* however, obtained departures from this condition for 
n greater than 8 X 1(P® and interpreted his results in terms of repulsive forces 
due to the charges on the particles. Perrin modified equation (1) by assuming 
a law of the van der Waals^ type and obtained agreement with observations up 
to the highest oonoentrationa investigated (n — 6 X 10^^). In aU these results 
normal behavioxir was found up to values of n greater than 10^. 

Burton, t however, working with vessels about 100 cm long, has shown that 
the concentration is permanently uniform below a very thin layer near the 

• * Ann. Physik,’ vol. 3, p. 101 (1915). 

t Burton and Bishop, ‘ Proo. Roy. 8oo.,’ A, vol. 100, p. 414 (1921) ; Burton and Ourrie, 
‘ Phil. Mag.,' vol 47, p. 721 (1924). 
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upper surface. To explain this there was introduced the concept of “ limiting 
concentration ’’ arising as a result of the repulsive forces between the particles. 
Porter and Hedges* and Barka 8 ,t using cells of length of the order of 1 cm, 
have obtained similar results. To account for these deviations Porter intro- 
duced a correcting term in the osmotic pressure of the sol similar to the “ h 
in van der Waals’ equation. In contrast with the earber work, in all these 
experiments uniform concentration was obtained at depths exceeding 1 mm 
corresponding to departmes from the ideal laws at w = 10 ®, imiform concen- 
tration being attained for n == 10 ’. Using tubes of 21-24 cm Jong Laird| 
has reported a uniform distribution throughout the greater portion of the sol. 
However, he does not give the values of n and his first reading is a few centi- 
metres from the surface. 

More recently confinnation of the results of earlier experiments has been 
obtained by Johnston and Howell§ and by McDowell and Usherll. Using 
cells 8*3 mm in height the former report ideality, but do not state their maxi- 
mxun value of n, the only value quoted being 4 X 10®. The latter found no 
deviation down to a depth of 9 mm with concentration up to n == 10^^. 

§ 2 . Plan of the Paper 

Due to the apparent contradictions described above, it would be very desirable 
to find theoretically the distribution law for the sedimentation equilibrium. 
A method for deriving such an expression is given in this paper. The assump- 
tion is made that owing to the charges on the colloidal particles and the sur- 
rounding ions of the electrolyte present, forming the so-called ** ionic atmo- 
sphere/’ two particles repel one another when their atmospheres overlap. 
The development is carried out in the following stages. 

In § 3, using the Boltzmann distribution law, equation ( 1 ) is modified by the 
addition of a term for the potential energy of the particles associated with 
their charges and atmospheres. By an application of the methods of statistical 
mechanics an expression for this energy is obtained in a form + A^n* 
4 - Aan® + where Aj, Aj, A 3 , are constants of which only the first three 
are evaluated. Here A^, for example, is given by an integral, involving the 

♦ ‘ Trans. Faraday Soc.,’ voL 18, p, 91 (1922) ; vol. 19. p. 1 (1923) ; ‘ Phil. Mag.,’ vol. 
44, p. 641 (1922). 

t * Trans. Faraday Soo.,’ vol. 21, p, 60 (1925). 

t ‘ J. Phys. Chem.,’ vol. 31, p. 1034 (1927). 

§ * Phys. R«v./ vol. 36, p. 374 (1930). 

II ‘ Proc. Roy. Soc,/ A, vol. 138, p. 133 (1932). 
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energy of r particles considered as isolated from all the others, taken over the 
Sr-dimensional phase space. 

To evaluate these integrals it is necessary to obtain thfs change in 
electrostatic energy involved in an encounter of two particles. This is carried 
out in § 4 and § 5. In § 4 the potential about a particle is derived by using 
the differential equation employed by Debye and Hiiokel in their theory of 
electrol}i;ic solutions. In § 5 an attempt is made to solve this equation for a 
binary encounter. Then E^g found by integrating the electrical energy 
density over the surface of the two particles and their surrounding atmo- 
spheres. 

In § 6, the constants Aj, A2, and A3 are found for different values of the 
charges on the particles and of the concentrations of the electrolyte. The 
results indicate departure from (1) when n reaches values ranging from 

= 1 - 6 X 10^® to n — 4*0 X 10^^ with corresponding limiting concentrations 
lying between n =2'1 X 10^^ and :=5*5 x 10^®. These values are com- 
pared with those of the different experiments mentioned above. 

With a slight modification the formula derived for the distribution is applied 
to sedimentation in the centrifuge, and numerical cases are given in § 6. 

In § 7, a discussion of the method is given, with a suggestion for a more 
accurate treatment. The questions of hydration of the particles and the 
hydrostatic pressure due to the electrostrictive forces are mentioned. 


§ 3. Development of the Basic Formula 
Using the Boltzmann distribution law, 

n = no exp [IjkT {mgd — E + Eo)], (2) 

where E and Eq are the energies of the particles at depths d and 0 (the top of 
the column) associated with their charges and ionic atmospheres, and 
m ~ Up (pi — P2). To find E we use the method of partition functions as 
developed by Ursell.* The sol is divided into small elements each of which, 
treated as an independent assembly, contains a large number v of particles, 
and occupies a volume v. The partition function for the electrostatic energy 
is defined by 

*‘Proo. Camb. Phil, Soo.,’ vol, 23, p. 686 (1927); »ee abo Pbwler, “ Statwtioal 
Meohaniot,” chap. 8. 
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where & = exp (•— l/kT), w — vE ia the energy of the v particles and depends 
only on the position co-ordinates ; the integration is to be extended over the 
Sv-dimensional phase-space. The average potential energy of the assembly 
ia at once given by the relation 

w = &^logB(«-). (3) 

Thus the problem reduces to the evaluation of B (&). 

In order to make successive approximations to B and hence to w by 
including particle encounters of increasing order we use the formula given by 
Ursell,* 

BCil) (4) 

where A is a function of a certain quantity to be defined below such that 

h = (5, i) 

if we consider only binary encounters, 

h^x^ — 2x^ + Xg, (5, ii) 

on including ternary encounters, 

A == a?2 + (iPa 2a:a®) + K — + 20 Xa»/3), (6, iii) 

with encounters of the fourth order and so on. As the concentration increases, 
the contribution from these higher orders becomes more and more important. 

Let represent where is the mutual potential of r particles, all 

others being considered absent. Since the contribution to from 

gravity has been accounted for in the term ?ngd in (2) we need only treat the 
purely electrostatic energy. It will be seen that we may linearly superpose 
the fields due to the individual particles in a close encounter, so that 

aa “ ®ia "1“ ®a8 "1“ ®i8> ®iaa 4 ^ ®ia ®aa ^ai '4” Ej^^ -f- Ej |4 -f* Eg^, etc. 

m 

We introduce a sot of quantities the general form being given by Ursell 
{loc, ci^)t and the first four of which are 

1, Wg = -^2 1, ?/g = ^*2 — L ^2 -f’ 2 

W 4 “ — (S S’g * 4 “ E 4 “ S'g — 6 

♦ See footnote, p. 5d9. 
t See Fowler, op. cU,, p. 179. 
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where 

s ^2 s a-g -= + a^-“ + *> 

s “ a*^‘* ^ 4- 4- >- , 

s a'a = a^^*‘ + a^» 4 * a^^- + a^^‘ 4 - a®“ + a*'-- ^ 


( 8 ) 


Then is defined by the relation 

ZyV*' r ~ I n (dxdydz)^y 

J «==^i 


(9) 


the integral being taken over the 3r-space of the r particles. 

For a binary encounter (r ^ 2) (3), (4), and (5, i) give 

W = (10) 

Using (7) and (9) for r = 2 

” T f (^2 ^ f (9 3 — 5 ) ^12^ ^ih%> (1^ ) 

2f; J V J 3a 


where jr, y, z are the relative co-ordinates of the two particles, is the distance 
between them and a is the radius of either particle. Then from (10), 


to = [ Eigagfig^ drjg AlV^ say. 

V Jaa 

For a ternary encounter (r = 3) from (3), (4), and (5, ii) 


( 12 ) 




(13) 


Here 


Ov (1 ~ 2a:,) 


Mm 

ao 


1 - 

r (», - 



V Ju 

.11. ^ J*» J 


From (7) and (9) for r = 3 


(14) 


r 

where dw, == H (d® dy d*),. By (6), 
I dadw, == V 



E. 


les 


ag dw^ 3v j Elsie's dw^i (16) 
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since the integral is symmetrical with respect to the three particles. From 
(8) owing to the identical role played by each pair of particles 


1 0^2 dw^ ^ I 


giving 


^ [ S dw^ = 3 v j Eia dw^. 
Subutitution of (IG) and ( 17 ) in ( 15 ) gives 


( 17 ) 


30 2?;* 


j Ei 2 (O3 - O"-) d «.3 ^ ^ f Sn ^*^3- (18) 


To evaluate ( 18 ) we consider a configuration of three particles Pi. p*. and 
P3 and integrate in steps in the following manner. We keep and 
P2 inside volume elements SajO^ and dw\ at a distance apart and allow P3 
to move over the whole space available. Introduce elliptic co-ordinates 

( 19 ) 

’■12 ’'la 

where ^ is the azimuthal angle about line PiP2, ^*13 and rjg being the distances 
from P3 to Pj and Pg respectively. Putting 

dx dy dz = (^* - Y)*) d'i dri d<f,, 

o 


and integrating for all positions available to p». the contribution to ( 18 ) is 

^ ^ ^^la^'ia* [j G dfi, (20) 

where G == i) (^2 _ .^^2^ wliere we have integrated with respect 

to <l>. From the conditions 2 a, 7*23 2 a the region of integration in 
(20) is all space external to two spheres witli centres P^ and Pg and radius 2a. 
The surfaces of these spheres are given by 

>1=^-5. (na = 2 a), Yj = 5 — ^ , (fj, = 2 a). ( 21 ) 

U2 *^12 

poo r-fl 

On integrating over all space the integral in ( 20 ) is J GdYj. We must 

subtract from this the integrals taken inside the spheres =s 2 a and 2 a; 



Sedimentation Equilibrium in Colloidal Susj^ensims 603 


the first of these is J dy] and the second is j Gdv), 

where S = , Using these results, (20) becomes 


n 

8 


Ejj fia® dw^ dw\ 


It is to be observed that this holds only for > 4a. The necessary modi- 
fication when rj 2 4a is indicated in § 6. 

We now put dw\^ri^ sin where r^, Gjj, and 

the polar co-ordinates of Pg with Pj as origin, and we integrate for all positions 
of Pg. To account finally for integration with respect to P^, dwj^ is replaced 
by V. Thus (18) reads 

a? “ t S £ [r "M? +,f! ■‘5 ® ■'”] • 

( 22 ) 

integration of giving 47 t. Using (14) and (22), (13) may be written 

in the form w — A^v® + Agv®, 

For an encounter of the 4th order (r = 4), according to (3), (4), and (5, iii) 


i? — v& 


..,0^ 0^^ 


2x. 


0^> 


^+ 6 X 3 ^ 

0» ^ *0^ 


6x2 + 20x,2 

as- * afr . 


Ajv® + Ajv® -f A3V*, 


where 




' dxA . p dx^ 

L8» +®"*8» 




4- 20r * 

+ 20 X 3 . 


(23) 

(24) 


Use of (11) and (22) leads to the expressions for all the quantities (24) except 
xj and v3 . 

Applying (6), (7), and (8), (9) reads for r = 3 

X- = ■ ■ . y . - ... f — ^S„ — 0.B,, _j_ 2] 

3 I D® J 

« Jli. f [(^E.. _ 1) (&E..+B.. _ 1) + (&E.. _ 1) (^K., _ 1)] (26) 

3 I V* j 

The first term in the integrand gives, similarly to (22), 

^ II ■" [r r ! (ia”'; 
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To evaluate the second term we imagine P, and P, to be fixed in volume 
elements dvi'\ and dw\ and allow P^ to move over all available space. The 
contribution is then 

dw\ dw'\ (&»•• - 1 ) j - 1) dwi , (27) 


the region of integration excluding the volumes fu 2o and fj, ^ 2o. If 
we exclude only 2a then the integral in (27) is independent of rj, and 
so on integrating for all positions of P, and P, (27) becomes 


3! 


|( 8 ^j — 1 ) dwj 


We can therefore find from (26, i) and (26, ii) and the term fixj 


(26, ii) 




in (24) is known. 

From (7), ( 8 ), and (9) for r = 4 


*4 = ^4^'[ j" — (^^8 "f" SS-jS-'j) + 2S'd'2 — 6] die* 


V* 


J [a-Eu.. _ 4aB.M _ + i2(t'''» — 6] dwt 


by symmetry of the integral with respect to the four particles. Using (7), by 
symmetry again 




8 x 4 ^ 

0 «- ¥i 


— j 6E11 [S'®"'* — 28'®*" — a“*'+®“ 4- 28'®“] dWi 

^ j 6Eij8®" [(8®"+®“+®“ — 1) (8®''+®» — 1) 

4 - 8 ®** ( 8 ®"+®“ — 1 ) - ( 8 ®“+®“ - 1 )] dee,. 


We may replace the second term in the integrand by 8 ®" ( 8 ®"+®“ — I) and 
BO obtain 


v 8 ^ f 6 E,. 8 ®"r( 8 ®"+®« — 1 ) ( 8 ®“+®“+®“ — 1 ) 

38 v*4!j “ ^ 

4- (8®*'+®“ — 1) (8®“ — 1)] dw4. 

Neglecting the volumes of Pj, P„ and P 3 , when P 4 moves over the available 
space the second term in the integrand gives 
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which can be evaluated by using ( 11 ) and (22). Replacing by 

0 ^** the first term in the integrand gives 



(28, ii) 


which can similarly be calculated. It will be seen that the errors produced in 
the approximations in (26, ii), (28, i), and (28, ii) are small.* We now have 
expressions fox all the terms in (24) and thus know Aj. We shall not consider 
encounters of higher order. 

Putting tJ = 1 cc (23) reads w == + A^n* + As«*, and thus 


B = — = A^n 4“ A^n^ + AjjW®. 
n 


(29) 


It is found that for Hq ^ 10 *^, exp (~“ Eq/^T) is very close to unity. Then 
substituting (29) for E in (2) we obtain as the law of distribution 


p. 1 

— ^0 exp — A^n — A^n^ — Ajn*) 


(30) 


To evaluate Aj, Aj, and A 3 an expression for Ejj is found in the next two 
sections. If only the term Ajn be retained then (30) is equivalent to the dis- 
tribution laws obtained by Perrin and Porter when they assume laws of van 
der Waals’ type. 


§ 4. Potential about a Colloid Particle 


Before finding we evaluate the potential ^ about a colloidal particle 
due to its charge and the surrounding ionic atmosphere. We assume that the 
electrolyte present, a uni-univalent salt, is of uniform concentration in the sol. 
The method of Debye and Httokelf is employed. The density of charge at 
any point in the atmosphere is 

p — 2ni t sink (31) 


where t is the electronic charge, and 


'N 


1000 


, Y being the concentration in 


mols per litre and N Avogadro’s number. Then the potential satisfies the 
difierential equation 

V*^ = ®!g!5sinh8<|./iT, (32) 


♦ Kumerioal work in §6 shows that the last term in (24), which is evaluated exactly, 
forms the main contribution to 
t ‘ Phys. Z.; vo3. 24, p. 185 (1923). 
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or, for a spherical particle, 

li. 

r® dr 


dr 


:^^sinhe(J-/iT, 


(33) 


r being the distance from the centre of the particle. Making the approximation 

sinh t^/kT t:- s^/jfcT, (34) 


(32) reduces to 



V *4' 

(36) 

and (33) becomes 


(36) 

the solution being 

, Q c*» e-*’' 

b(H-#to) r ‘ 

(37) 


Here Q is the charge on the particle, a is its radius and = 


DifcT ’ 


The value 


of (]; for colloidal particles is too large to permit the approximation (34) so 
that a more exact solution of (33) must be used. 

According to Gronwall, La Mer, and Sandved* the potential at the surface 
of the particle is given by the infinite series 


w gSw— 1 

1 , 5 , (Da)"‘(-JkT)'"-i 


(38) 


where Xq — ko, Q = zt in our notation, and (J;„ are certain functions of which 
wo shall require only the first few. For a uni-univalent salt, a symmetrical 
typC) 4'm = 0 if m is even. When m is odd 


where Xj (sc) 


1 -t-a; 


'I'm (®. ®) == (x), 

, and tables of values are givenf for Xa (x) and X5 (x). 


We shall use the first three terms only in (38) to find (I'd’ 


Da(l-f Xo)'''(Da)«(-/fcT)*‘^®^^^'*"(Do)*(-ifcT)«^®^**^' 

Wlien z ^ 200, more terms would need to be evaluated, but it is simpler 
to make use of Qyemant'sJ investigations. He showed that if p^j is the effective 

♦ * Phy». 2./ vo]. 29, p. 558 (1928) (equations (23a), (73) ). 
t Gronwall, La Mer, and Sandved {loc, oi#,). 

+ ‘ Z, Physik,’ voJ. 17, p. 190 (1923). 


8p6 
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aurfaoe density on a sphere of radiius r, concentric to and containing the 
particle, the relation 

P* “ ^ [Vcr sinh t^J2 + ^/2r] (40) 

is approximately true where a == * Substituting p, = we give Q 

different values and solve (40) for Comparison with the values of from 
(39) for z ™ 50 and z = 100 shows close agreement and so we shall use (40) 
for z === 200. 

The values of for different valutis of y and z are given in Table I, with 
a = 10^« cm, T 29rK, D -= 81, k 1-372 X N -=6*06 X 10“ 


Y 

10* i/jo by (39), e.e.u 

10* 00 by (40), o.s.u 



Table I 



60 


10 -* 

10“* 

io-» 

1-38 

212 

2-5 

i:w 

2-08 

2*4 


200 


10-* 

10-* 

10-4 

3-0 

3*0 

3*8 

6*3 


We now find convenient upper and lower limits to the potential curve 
<jy = tj/ (r). Putting x — kt, y — tx’^jkT, (33) becomes 

^ =a:8mby/ar. (41) 


Multiply (41) by dyjdoa and integrate from x oo to x = a;, i.e., from y = 0 
to y = y, obtaining 


i (^)* ~ f ^ ^y- 


(42) 


From the inequalities Xq sinh yjx^ > x sinh yjx > y for r > we get on 

integrating j Xq sinh yjxody > | » sinh yjx dy > ^ ydy. Using (42) this 
Jo Jo Jo 

reads 

2xo sinh y/2xo > ” ^ > y- 

From the inequality — ^ > y, integrating from x = x# to x — x, we have 
ax 

y e** e”*. An upper limit for the potential curve is then 

y === ^ 0^0 or 4^ = (43) 

where A == tj'o i® observed that (43) has the value = 4*0 
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The condition 'Zx^ sinh y/2a:„ > — ^ , on integrating from » = »„ to ® = *, 

dx 

leads to tanh > tanh ^ ^ fortiori to 

y>ixQ tanh e”*. 

These two inequalities give lower limits 

tanh yj^x^ tanh ^ “ Ce'"*^ (44) 

where 

P tjiakT!, C = e** tanh 
and 

y = 43^0 tanh (4^^) 

4aA;T 

where B = e“" tanh Here (44) gives the proper values of 

£ 

d^Jdf and 4^ at r = a and is the better limit though (45) is more convenient. 

To obtain narrower limits, the value of at r === 2a is found and formul® 
corresponding to (43) and (46) which are valid for r^2a are developed. 
GronwaU, La Mer, and Sandved give a general expansion for all values of r, but 
they do not examine enough terms to give satisfactory values for 4^ at r =: 2a. 
We therefore use an approximate relation between 4^ and r given by Gyemant, 
this being sufficiently accurate for our purpose. He suggests as solution 

4r /y/ 2 tanh a4»/4 + 4' = Ge^*** (1 + Kr)/r, (46) 

P 

where a — , P is a Faraday (96,640 Coulombs) and G is an undetermined 

constant. 

To find G the initial condition 4 = at r = a are introduced. It is seen 
from the graphs, fig. 1, that the curves (46) lie between the upper and lower 
limits (43) and (44). The value of 4 ^ = 2a is obtained from (46) and is 

substituted in (43) and (46), In this way new limits, valid for r > 2a are 
derived for the potential curves in the forms 4 = A'e“***/r and 4 = 
the constants A' and B' replacing A and B. We shall assume that 

4 = (47) 

A' 4- B' 

represents the potential where A = — ^ — . It is seen that this gives values 

2 

a little below the true potential for o •< r < 2a. Table II gives the results. 
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I t 3 4 5 


Fio. 1 — VMiotts limits for the potential curves. A, * = 100, y = 10 ® 5 B, * = 100, 
yaslO"*. (i) y a* ya «*•*"**■; («) equation (46) in y — r co-ordinates; (iii) 

tanb ~ =■ tanh ^ e*. «-*»■ j (iv) y = 4*, tanh ^ e*. e-»^ 
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Table II 


60 

I0-* io-* 


3-77 2 84 

3-77 2-81 

W/1 3-77 2-83 


100 200 


J0“» 

io-< 

J0“* 

JO'-* 

6*44 

4*70 

Oil 

6*77 

6-42 

4-51 

905 

6*22 

6*43 

400 

9*0S 

6*50 


§ 6, Evaluation of Energy Involved in a Binary Encounter 

To find Ei 2 for two particles A aud B we solve (36), making the necessary 
corrections when (32) should be used. From the solution, the details of which 
are given in the appendix, the potential at the surfaces of A and B is 
obtained. The change in energy associated with the particles alone is therefore 

There only remain the contributions of the ionic atmosphere to Ex 2 . Let 
Ti and be the distances of any point P from the centres of A and B, which 
are at a distance b apart. According to (90) the potential obtained on linear 
superposition of the ^*6 is sufficiently exact for 6 ^ 4a so that, by (47), we may 
assume the potential at P to be 

= <1^1 + ^8 = f- A^— . (48) 

fi rj 

This form for implies no distortion of the atmospheres and hence, using 
(31), the density of charge at P is 

pr == Pi + P# = — [sinh + sinh (49) 


Applying (48) and (49) the energy associated with the ionic atmosphere is 
given by 

i jj j Pi4p dxdydz^ (pi + pj) (^^ + tJ^j) dx dy dz 

== III (pi+i + Pi+i) dx dy dz, (60) 


since A and B play identical roles. The integration is to be extended over all 
space excluding the two particles. 

Since only the change in energy on the approach of A and B is desired, we 
must subtract from (50) the energy at infinite separation. This is given for 

the atmosphere of one particle (say A) by dx dy dz, integrating over 

all space external to it. Subtracting twice this amount from the first term in 
(50) we obtain 

2weA (e“'’’*/fj) sinh dx dy dz. 


(61) 
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where we have substituted for and ; the region of integration is now the 
interior of particle B* It is convenient to put 

sinh = sinh = H X , (52) 

Arl Ti 


which is a good approximation on proper choice of the constants X and jx, 
which depend on Q and y* and are found graphically. Their values are given 
in Table III. Transforming to the co-ordinates r^, rj, <f> where <f> is the 
azimuthal angle about the line AB, and integrating with respect to <f>, (61) 
reads 



on interchanging the order of integration. Substituting (52) in this it becomes 


27m 

6jfcT 


|^(a* — 5®) dr^+ ~ ) sinh 2«a + a cosh 2Ka|j 

//ft L_ ) sinh {k + ji) a+ o cosh (*< + (i) a| I . (63) 

K + (i lx >f + (Jl/ 


To evaluate the second term in (60) we change to elliptic co-ordinates 

^ = y) a= h~Jb , similar to (19). Here, however, the spheres 

b b 

2(1 b 

excluded are a and r* o and 8 = — g — Then 

j j| P,+. i. <ij, * jjj .iiJ. ^ K* - .,•) dri dd 

„ _ Si^ j^l* J5 1*' {...) rf, + II J| ll;? {...) J,]. (64) 
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Substituting from (62), the integration of (64) yields 



where « (jx + k), m (jx — «) . 

Adding (53) and (65), we obtain the (negative) contribution of the atmo- 
sphere to Eia and subtraction of the result from Q (Tq — (J^^) gives Eja- It 
was found that for 5 > lOo, y == and for 6 ]> 16a, y = 10~*, Ej j is negative, 
implying an attractive force. But since we are subtracting two quantities 
subject to some error to obtain a much smaller quantity, this apparent dis- 
crepancy is not surprising. From the positive values of only, it was found 
possible to use an empirical formula s= I'he constants x> being 
given in Table III. We may conclude that the approximate method adopted 
to find Eij may produce an appreciable error and a more rigorous treatment 
is desirable. 

To find Ei 2 more accurately we may suppose 4^ is of the form tj' — 'I'l + 4'*+^ 
where is a correcting factor. If we assume is small enough to permit the 
approximation suxh t^/kT = then 



remembering tlmt and ij/g both satisfy (32). This equation is now being 
investigated. 


Table III 

z so 100 200 

y 10 -* 10 -* 10 -* 10 -« 10 -* 10 -* 

10“x 1'28 0-398 4-07 0-794 10-6 1-69 

10-' T 1-60 0-868 1-44 0-801 1-40 0-677 

10‘ X 6-82 2-67 28-2 8-91 169-0 31-8 

10-* n 2-10 4-61 2-02 4-37 2-16 4-49 


§ 6. Cedoidation of the Coeffiaietde A^, Ag, and Ag 
To find Ai we substitute the relation Ejg (12) giving (for t» =* 1) 





m 
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the integral being evaluated numerically. We can determine the contribution 
to Aj from (14) similarly, and to obtain that from (22) we put 

G = {exp [ - X (e + e— •)]- 1 j - t,*) 

|exp -- 1^ cosh -rrijK)] — l|(?® — r^), (67) 


on introducing the co-ordinates (19). In the relation (true for ^ 4a) 

c* (•4-1 fS ct — r* f+i 

J c(5j G(i73 + J G rfT) = J dl^ Qdti 


dl 


j'“ -^ Grfrj + j'|_ijGrfr}J, 


(58) 


which was used to obtain (22), the second term on the right gives the integration 
inside the spheres fjg = 2a and rgg = 2a, for which regions as seen from the 
values of x w-nd t 

(59) 


very nearly. If we now substitute (59) in the second term and multiply it 

Y 8 8 

by 5= —1^ , the result is the sum of the volumes of the two spheres, 

Jo 8 4 

J O 


i.e,, Vg — — ^ . Thus (58) becom^^s 


rw r+i f. hi. foo r/3 

1 L, « + J. ^ t:; 1 + T t- 

o f* Je r‘ fi j ' 256 «» T j_ 256 a» 

= 2 (Zn Grfi,-f-_ — =I + — — 
J) J() 3 ri2 8 >^18 


(60) 



Fio. 2 — Volume v'a to be excluded. 


If fj, < 4o then v, is replaced by the volume shown shaded in fig. 2 this being 
e'a ^ { 12a* r^g — ^ + 32o®J . 


2 X 


VOL. OXLVI.— A. 
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To find I, we choose values of and calculate | G rf? for tq =0, J and 1 by 

numerical integration, and then integrate I with respect to rj. Then (22) 
reduces to 

^ ^ 

which is evaluated. It was found that the term involving I formed the main 
contribution to (61), implying that a neglect of the size of the particles would 
produce only a small error. Hence our approximations in (26, ii), (28, i), and 
(28, ii) are quite reasonable. 

In the expression for AsV* we have shown in § 3 that all the terms can be 
reduced to forms involving (56) and (61), or other integrals similar to these. 

In this way Aj, Aj, and Ag are found for different values of Q and y the 
results being given in Table IV. For silver coUoidal particles, density 10*5 
and radius lO'”* cm, we have mg = 3-9 X 10"’^^ Substituting this value for 


Table IV 


z 


60 


100 


200 


y 

Aj 2-9. 10- »® 

A» 7-6.10-** 

A, 90. 10“*^ 

l^imiting 

oonoentrotion 6*6 . 10^* 


4 '4. I0-» 

1- 4. 10-*» 

2- 8.10-*^ 

3 6,10^* 


10-* 

4 0. 10“*® 
2‘2. 10~** 
6-9. 10-*® 

2*9. 101* 


10 -* 

6 1. i0“»* 
1-8. 10“*» 
4 1. 10-*’ 

2'6. 10‘* 


10 “* 

6*9. 10“*® 
6-8. 10“** 
2 6 . 10 -** 


10 -* 

0*0 . 10“»* 
3*6. 10-*» 
1-2. 10-»* 


8-3 . 10 ^ 21 . 101 * 


mg and the values of Aj, Ag, and Ag we obtain the sedimentation law of a sus- 
pension of coUoidal particles. The log n is plotted against d, fig, 3, and it is 
seen that deviations from Perrin's law appear for values of n ranging between 
1-6 X 10^ and 4*0 X 10^*, the corresponding limiting concentrations being 
given in Table IV. It is to be noticed that the latter are reached only at depths 
greater than 6 cm. In plotting the curves, an estimate of the order of magnitude 
of Ag was made, since it was found to have an appreciable effect on the limiting 
concentration. 

We may now compare these results with those obtained experimentaUy. 
The value w — 8 X 10^® at which deviations occurred in Costantin's investiga- 
tions is smaUer than in ours owing to the larger size of the particles (a — 3 X 10“* 
cm). In the work of Laird the first reading is at depths of 4-6 cm 
(a “ 8 X 10“’ cm) where the concentration of particles would almost have 
reached its maximum value. Johnston and Howell worked with solutions 
which were too dilute to indicate deviations (n = 4 x 10®, o «= 3 *6 X 10“® cm). 
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The results of McDowell and Usher (a = 1-6 X 10“® cm) confirm the fact 
that no deviations occur below n = 10^. 

The much smaller values of the limiting concentrations obtained by Burton, 
Porter and Hedges, and Barkos may possibly be attributed to the existence of 
a larger charge Q on the colloidal particles. If so, there would be a considerable 
contribution from the polarization and electrostrictive forces, discussed in 



A — 

r 1 

-tt=*noexp — 

(mgd - 

Ai» — 

A, ft* — A,»* - -)J 

B... 

ft 3sa 


’mvfi , , 

Xq^) 

— Ajft ““ A|ft* — Ajft* 


z 

Y 


z 

Y 

(i) 


10- » 

(v) 

100 

10-* 

(ii) 

100 

10-* 

(vi) 

200 

10-* 

(iii) 

200 

10-» 

(▼ii) 

100 

10-* 

(iv) 

50 

10“< 

(viU) 

100 

1 

2 


2x2 
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§ 7. Under thes^j conditions, the method for finding B 12 as given in § 4 and 
§ 6 is not valid, since the dielectric constant D is no longer constant. In fact, 
calculations by the above method for z = lODO have given limiting con- 
centrations, which are quite close to those for z = 200, and this cannot be 
considered as correct. 

To apply (30) to sedimentation equilibrium in the centrifuge we replace 
it by 


n — Wq exp 


1 ( mw^ (x^ — Xq^) 

¥r\ 2 


— — ^2^* — A3n® 



(62) 


where w is the angular velocity of the centrifuge, x is the distance of the point 
under consideration in the sol from the centre of rotation, and Xq refers to the 
base of the container facing the centre. We let Xq ^ i cm and w 20,000 
r.p.m. and the distribution curves for z = 100, y = 10“® and y — !()’“'* are 
shown in fig. 3. The deviations from Perrin’s distribution would begin less 
abruptly if we included the coefficients Ag, A^, which are more important 
here than in a simple gravitational field. 


§ 7. Discussion of the Method 

Ursell’s method of finding the partition function is not readily applicable 
to high concentrations. In our method the force of repulsion between two 
particles was replaced by a simple empirical expression to facilitate integration, 
A more satisfactory treatment may be based on the work of Kramers* who, 
for electrolytes, starts with the phase integral, which corresponds to the 
partition function, and endeavours to find a solution for it. 

Fowler {loc. dt) has. criticized the method of Debye and Hiickel, the three 
doubtful points l>eing those of ‘‘ smoothing,” the form of the average density, 
and the neglect of fluctuation terms. In our method, however, with relatively 
large colloidal particles these are points of less importance. 

In calculating the force between two particles of a hydrophobic sol, the 
principal factors are the charge and the ionic atmospheres. But with hydro- 
phili<; sols, the hydration must be considered, the orientation polarization of 
the dipole water mokicules at the surface of the colloidal particle playing an 
important role. A method for calculating the contribution to Ejg due to this 
phenomenon is suggested by the work of Webb,t who finds the energy of hydra- 
tion of an ion by using the classical theory of dielectrics. 

* ‘ Proo. Ainst. Akad. Sci.,’ voJ. 30, p. 145 (1927). 
t ‘ J. Amer. Chem. Soc.,* vol. 48, p. 2589 (1926). 



Sedimentation Equilibrium in Colloidal Suspensions 617 

In addition to this effect there exists, in the vicinity of the ions, electro- 
fltrictive forces which produce very high hydrostatic pressures. On the ap- 
proach of two particles there will be an additional compression work involved, 
and this will contribute to Ei 2 ' method used by Zwicky*** in his treatment 
of the specific heat of solutions can be extended to calculate this contribution. 
Consideration of the hydration and pressure effects should give a larger value 
for Ei 2 and hence smaller values for the limiting concentrations. This is to 
be expected as the experimental values of the limiting concentration range 
from n = 5 X 10^® to w = 10^®. 

The method of Kramers is now being developed, consideration of the finite 
dimensions of the ions and particles being taken into account, and it is hoped 
to publish a communication shortly. The problems of the hydration and 
pressure effects are also being investigated. 


Appendix 


Solidim of Eqmtion for itoo PaTtieles'\ 

Consider two spherical particles A and B at a distance b apart. Transforming 



Fio. 4 — Encounter of two particles A and B. 


(35) to polar co-ordinates r, 6, (f> with the centre of A as origin, and the z axis 
the line joining the centres of A and B, we obtain 

I -j- .... J ^ . 


^ 4 - 2 + 

Sr* r Sr 


1 3 / • n 


== 0. (63) 


sin 0 d<f>^ 

Introducing the condition that the solution shall be finite everywhere and 
remembering that == 0, due to symmetry about the z axis, the solution isj 

0<p* 

( 64 ) 


a A„Pn (|X) (kt) r 

n«0 




given by the standard process of separation of variables, where jx cos 0, 

* * Phys. Z.; vol. 26, p. 664 (1926) ; vol. 27, p. 271 (1926) ; * Proc. Nat. Acad. 8oi. 
Wash.; voL 12, p. 86 (1926) ; Evjen and Zwicky, ‘ Phys. Rev.,’ vol. 33, p. 860 (1929). 

t Equation (36) has been solved by Scatchard and Kirkwood for two ions, but with 
different boundary conditional * Phys, Z.’ vol. 33, p. 297 (1932). 

X See Watson, ** Theory of Bessel Functions;* p. 77, for definition of Kn^^, In+j. 
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Since the two boundary conditions at the surfaces of A and B must be 
satisfied, we must have two sets of arbitrary constants* If the origin is taken 
at B with polar co-ordinates r', 6', tf>\ by symmetry the solution is of the form 

f»sO 

As the two particles play identical roles there is no loss of generality in writing 
A„ — B„ and thus the general solution is 

I = S A„P„ ((.) K„n M r-* + S A„P„ (li') K) r'"*. (65) 

««0 na«0 

In a given finite region of space any solution of (65) can be expressed as 

I C.P, ((x) K.+* (kt) r~i + £ D,P. (^t) I., J (Iff) r~K (66) 

irseO 

In particular we can write 

P„ ((X') K„h (Iff') r'-* = i C„,P. (^i) (iff) r-* 

**«0 

+ £ D„P.(ii)I.+*(ifr)r-*. (67) 

#os0 

To find the coefficients and use is made of an expansion due to 
Gegenbauer.* If r < 6 then 

I, « + J + ") w C.-1 (a). 

( 68 ) 

where 

(l-2(x/ + a*)-- = £ C,” (t) «•. (69) 

«*t0 

In particular, this formula is valid in the neighbourhood of the particle A. 

If we put « = 0, (X = ji' =» 1, f' = 6 — f, (68) becomes 

K» [k (b - r)] (6 - r)-* = £^ (s + i) K.+* (*6) (kt) C.* (|x). (70) 

and (67) reads 

K* [k (5 - r)] (b - r)-i = £ Co.K.+* (icr) f"* + £ Do^.+* (kt) f*. (71) 

«£[() JtiaO 


* Watson, ioc. chap. XL 



Sedim^ntcftion Equilibrium tw Colloidcil Suspensions 619 

On comparing (70) and (71) we see that C©, = 0 for all s and 


In particular, 


Do. - (s + i) K.+* {Kb) C.* (1). 


Do,-3(-^L)(l +4 e 


2/^6 ’ “ \ 2 ku/\ 'Kb! 

If we write r/ — 1, [x — [x' == 1 (68) reads 
Ks/Jk- (6~»-)] (6 — r)-ii 

^ h' ”*■ ‘ 

and (07) becomes 

Ka/* L'c (6 - r)] (6 - T)-i ^ I Ci.K, , j (kt) r'l + S D,.I. „ , (kt) r'*. (76) 

«ss0 #~0 

Using the recurrence relation 

In4;i ( kt ) _ Ijt fi (^r) U t j (yf ) y-rtv 

Kr ” 2s + 3 ^ ' 

in (74) and rearranging the terms in ascending order in I, (,|(Kr), we im- 
mediately obtain an expansion of the form 

Ks/* [« (b - r)] (b - r)-i = £ D,.l.+i (xr) r"*. (77) 

«=|0 

It follows, on comparison with (75), that Cj, — 0. We shall only need the 
first two terms in (77), viz., 

T> 2*^*r (il) g / L \ n 3/2 ( j\ — JL. I } ^ 

Dll « (><b) 0*1^ (1) - 3 Ka;, {Kb) Co»'* (1) }• . (78) 

„/ 7t \/2 , 3 \ 


<ib)i^b + {h^) 


We can examine in a similar manner the cases n = 2, 3, . but it will be 
seen that there is hardly need for it. We would finally be lead to the relations 
C,„ s= 0 and 

P„ (tx') K„ , , {kt’) r'-* = S D„P. (|x) I.H {xr) f-‘, 


(79) 
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valid for all positive integrals n and s, with r < 6 . The general solution ( 66 ) 

becomes 

+ = i A,.P„ (ix) K,h j M r-5 + I i A„D„.P. ((i) I. , t (i^r) r-‘. (80) 

« ~0 ss-O 

To find A„ the boundary conditions are introduced. If Tq is the potential 
at the surface of A, (80) gives 


To - i A„P„ (p) K„h (««) a-J + S S A„D„P, (p) (iro) o"*. (81) 

n«0 n*=0 «/r0 


Multiplying by Pj, (p) and integrating from = — lto(A = + I: 

To = AoKj (ku) a-^ + I* {m) a~^ S A„D„o. 

nr:0 

The value of Wq is determined by the condition 

where the integral is taken over the surface of A. This reduces to 

Da* J-jWA-o 


(82) 


(83) 


The corresponding boimdary conditions at the particle B are satisfied at the 
same time owing to the symmetry of the solution with respect to A and B. 
Using (80), the condition (83) becomes 


= A„ i [K, («) +_| A,D.. i II. („) 


= AokKs/, («:a) o — xlg/j {ku) a ‘ S A„D„o 

ns=0 


(84) 


from the relations 
|[Kt(«r)r-iU„ = 


wKj/a (xa) a ^ ^ [Ij ( kt ) = kIj/j ( ko ) a'*. 


We now make successive approximations to T® by including an incre^ing 

« 

number of terms in the series S A„D^ 0 . If we only retain the first term AqDq^ 

nsaO 
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neglecting all the others, we can eliminate Aq from (81) and (84) and 
obtain 

“ Q M) + {f<o) Dool/DaV [K3/2 (^») — I3/2 Dpol 

Q [e"**® + ~-T“ 

KO 

^ ^ 1 

Da [e (1 + ^«) 7“ (^<» cosh ko — sinh /ca)] 

/CO 

using (73). 

As a second approximation the terms AoDqo and A^Djo are included, and 
we neglect all the A^’s for r^2. Then multiplying (81) by Pi (^Jt) and 
integrating from jai 1 to (x ^ + 1 

0 A1K3/2 ( ku ) a-i + [AoDoi + A^DiJ Ig/g («:a) 

Thus 

A| = AqDqiI3/2 {Ka)J(K^i 2 (ku) + D11I3/2 {k(i)) = ^iAq, (86) 


introducing Ej for convenience. On dividing (82) by (84) and substituting 
(86) for Ai 


u/* 2=* Q [^i (^a) d~ (Dqo ^iDjo) (^^)] 
^ Da*K [K3y2 ( ko ) — (D()3 — E^D^q) I3/2 


Q 


+ 


Qe- 


a- Kb 


— Da (1 + Ku) Da (1 + ^ 


- E^Dio) sinh Ka 


1 - 


, 2 \~ 

Ka)/e~"‘ (1 + Ktt) 


where 




_3 


1\2 


1 + 4 {ku cosh Ku — sinh Kd) e~ 

KO 


(1 -f' ^c^) ^ + 


k6 


Kb ( k 6 ) 2 . 


c' {ku 


(87) 


cosh Ka — sinli ku ) 


The first term in the numerator of (87) is duo to A itself, the second term is 
the contribution from B. Since it was foimd that E^D^o Don for 6 ^ 4o 
in which range we obtain the greatest contributions to Aj, A,, and Aj, the next 
approximation is not necessaiy. 

If linear superposition of the potentials is assumed, then the potential at 
any point P on the surface of A is 

Q 

Do (1 + KO)’ 


— 4 *'? + 
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where, by (37), (J/'p 
charge at P being 


_J 2 s — is due to the particle B, The density of 

D(l + Ka) / ^ ^ 

0 the energy associated with the charge on the 


particle alone is given by 




Da (1 + 


+ 



2 Da (1 + Ku) 


+ 


Qe*° sinh ku 
Da (1 4- t<b 


Hence in this case (87) is replaced by 

_ Q , sinh Ka 

^ Da (1 + Ku) ^ Da (1 + /ca) Kb ' 


(88) 


Thus if the particles are sufficiently far apart the two expressions (87) and ( 88 ) 
are practically identical. 

When Q is too large to permit the approximation (34) a modification is made 

in (87). We replace - the potential at r = a as given by (37), by 

Da (1 + KU) 

(Table I), and use ij; = — ■ — in place of (37) for the potential. Then we get 

r 

instead of (87) 



4*0 + 

I Kb 


A sinh Ka / e~** _ 2 g ^ \ 

a \ Kb 7t * *®/ 

2 \ 

— ' - EiDio) 

TT / 

(1 _f_ 


(89) 


which, for b 4a, may be replaced by 


' I ^0 = +0 + 


A sinh Ka 
a Kb 


(90) 


as obtained by linear superposition of the fields. 

In conclusion, the author wishes to express his sincere appreciation for the 
many valuable suggestions received from Professor E. F. Burton, Dr. Colin 
Barnes and other members of the staff in the Physics Department. 


Summary 

An expression for the distribution law for the sedimentation equilibrium 
in colloidal suspensions is derived. Using the Boltzmann distribution law a 
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term involving the energy of a single particle, associated with its charge and 
surrounding “ ionic atmosphere,” is introduced. This term is evaluated as 
a power series in the concentration of particles by using the methods of statistical 
mechanics, assuming the electrostatic energy E 12 associated with two colloidal 
particles to be known. To obtain the differential equation used by Debye 
and Hiickel to find the potential about an ion is solved for two particles. The 
potential and the charge distribution of the ions about the two particles are 
thereby derived and int/Cgration of the energy density gives E^j. The results 
indicate departure from Perrin’s law varying, according to the charges on the 
particles and the concentration of electrol 3 rte present, from n === 1-6 x 10^® to 
/I — 4.0 X 10^^ with correspondmg limiting concentrations lying between 
n ==^2*1 X 10^* and w — 5*5 X 10^®. The expression for the distribution is 
also applied to sedimentation in the centrifuge. 


Experiments on Heavy Hydrogen. IIP.— TAe Electrolytic Separation 
of the Hydrogen Isotopes 

By Adalbekt Faukas and Ladtsbas Farkas, Colloid Science Laboratory, 

Cambridge University 

(Communicated by Eric K. Rideal, F.R.8.— Received April 16, 1934) 


Introduction 

The object of the present paper is to call attention to a fact which may play 
an important role hitherto not considered in the electroljrtic separation of the 
hydrogen isotopes. 

As is well known the most common mode of preparation of heavy hydrogen 
is the electrol 5 d)ic methodf based on the original discovery of Washburn and 
Urey. If water containing a certain amount of heavy water be electrolysed 
under suitable conditions, the light water is more readily decomposed than the 
heavy water and the heavy hydrogen remains preferentially in the residual 

* Part I, * Froo. Roy. Sor.,’ A, vol. 144, p. 467 (1934) ; Part H, Ibid., p. 481. 
t Lewis and Macdonald, ‘ J. Chem. Phys.,’ vol. 1, p. 341 (1933). 



624 


A* Farkas and L. Farkas 


water. The separation of the heavy hydrogen proceeds formally according to 
the formula 



where and D„, H and D denote the initial and final concentrations of light 
and heavy hydrogen respectively in the water, and Vq and V are the initial 
and final volumes of the electrolysed water, s is the so-called ‘‘ separation 
factor or separation coefficient ” indicating how many times more readily 
the light water is decomposed than the heavy one. 

In the preparation of heavy hydrogen an efficient separation, a large 
separation coefficient is desired which is found, in favourable conditions, to 
be about 7 but the average value is some 4 -5. 

In attempting to derive an explanation for the electrolytic separation of the 
two isotopes so far chiefly three processes have been considered : — 

(1) The transport of the ions from the electrolyte to the electrodes. 

(2) The discharge of the ions at the electrodes. 

(3) The formation and liberation of molecular hydrogen at the cathode. 

The importance of these factors has recently been investigated theoretically 
in detail by Fowler.* 

Since the transport of H ^ and D ^ ions cannot be responsible for the separa- 
tion, on acooimt of the relatively small difference in their mobilities (in alkaline 
solution the and ion do not take part at all in the current carrying 
process), it was believed that either or both of processes (2) and (3) effect the 
electrolytic fractionation of the hydrogen isotopes. 

It has been shown from quantum mechanical considerations that the tran- 
sition of an electron from the cathode metal to the adsorbed hydrogen ion to 
discharge it proceeds by jumping over an energy barrier,! and we might assume 
that the height of this barrier would be different for and respectively 
thus giving a different probability of discharge. 

On the other hand, both from measurements on the adsorption of hydrogen 
and from catalytic experiments, it is known that the recombination of hydrogen 
atoms on metal surfaces proceeds with a finite activation energy ; thus we 
could expect different activation energies for the recombination of light and 
heavy hydrogen effecting a separation when molecular gas is formed. 

♦ * Proo. Roy. Soo.,’ A, voL 144, p. 452 (1934). 
t Gurney, * Proo. Roy, Soo./ A, vol 134, p. 187 (1931). 
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Which of these two processes* might really be the decisive factor in the 
electrolytic separation could not be established vnth certainty, but it has 
hitherto been generally assumed that the separation factor is due to difEerent 
velocities of evolution comparable, for example, to the different velocities of 
diffusion of light and heavy hydrogen through palladium (cf. I, loc. dt,, p. 476) 
or with the different reaction velocities in some chemical reactions involving 
light and heavy hydrogen. In these examples the processes involving heavy 
hydrogen always proceed more slowly than those with light hydrogen since 
there is an additional activation energy on accomit of the smaller zero point 
energy of the heavy isotope. 

In investigating the decomposition of sodium formate by Bdcterium coli and by 
palladium black, f it was found that the liberated hydrogen had at 40° C an H/D 
ratio wliich was about 3*3 times liigher than that of the water in which the 
formate was dissolved, and that the liberated hydrogen was in true equilibrium 
with tlie water. This was proved by showing that neither the bacteria nor 
the palladium black effected any change in th(^ composition of the gas when 
left in contact with the water. (It had been definitely proved by detailed 
experiments that both bacteria and palladium black efficiently catalysed the 
water-hydrogen exchange reactions of Horiuti and PolanyiJ). We are thus 
forced to the conclusion that the observed factor of 3, 3 is very nearly th(^ 
equilibrium constant of the reaction (see below) 

HD d- HaO ^ HOD + H^ (1) 

in agreement with the equilibrium measurement of Bonhoeffer and Rummol.§ 

The fact that the isotopic fractionation or separation in the hydrogen evolved 
by the enzymatic or catalytic decomposition of formate was due to the formation 
of hydrogen corresponding to the water-hydrogen equilibrium (1) suggested 
the investigation of the question whether the isotopic fractionation occurring 
in the electrolysis of water is due, at least partially, to the same cause. 


Experimental 

In order to answer this question the following experiments were carried out. 
Firstly the equilibrium 

HD + HaO ^ HOD + H* 

♦ It is remarkable that the same questions arise in the problem of overvoltage, but 
there is no other direot oonneotion between overvoltage and the electrolytic separation of 
the hydrogen isotopes. 

t Farkas, Farkas and Yudkin, * Proc. Hoy. Soo.,’ B, vol. 113, p. 373 (1934). 
t ‘ Nature/ vol. 132, p. 766 (1933). 

§ * Naturwiss./ vol. 22, p. 45 (1934). 
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was determined by bringing into contact about 20 co of ladioaxy hydrogen at 
30 mm pressure with 0-2 cc of water containing 26-2% D in presence of a few 
milligrammes of fireshly prepared palladium black at 20“ C. From time to 
time samples of the gas were withdrawn and their D-oontent determined by 
the micro-thermal conductivity method already described (cf. Part I, loc. 
oit.). 

Table I shows the attainment of the equilibrium. 


Table I* 


Time in mlmi 

0 

30 

48 

55 

03 

115 

120 


D % of the gCM 
0 

5-0 

7-5 

9-5 

10*2 

9-8 

101 


* Since the samide wa6 not shaken the progress of the exchange reaction was aomewhat 
modified by diffusion effects. 


From the final value 10- 1% D we can derive the expression 

(H/D) gas _ 89-9. 73-8 
(H/D) water 10-1 ■26-2 ‘ ’ 

which is, to a first approximation — ^the equilibrium constant of the reaction 
HjO -f HD ri HOD + H,. 

In the next experiment 0*6 co of the same water (containing 26 -2% D) 
was electrolysed at 20° C in a small U-tube after the addition of 5 mg NaOH* 
(0-2 N NaOH). As electrodes 0'7 mm nickel wires were used, the current 
was about 60-200 mA, and the current density 0-5-2 amp/cm*. After having 
evacuated the cell the electrolysis was started and in a few minutes the evolved 
hydrogen attained a pressure of several millimetres. In three different runs 
the D-content of the evolved hydrogen was determined and found to be 9-6, 
10-6, 9-5%, giving a mean of 9-9%. 

This result shows quite definitely that in this experiment the preferential 
liberation of light hydrogen in the electrolysis of water is only due to the 
position of the hydrogen-water equilibrium, and that none of the above- 
mentioned processes, involving difierenoes in velocity are responsible for the 


* The determination of the D content was oarried oat after the addition of NaOlf. 
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electrolytic separation occurring in this experiment. To confirm this the 
electrolytically evolved hydrogen containing 9 • 9% D was brought into contact 
with the original water, 26*2% D, in the presence of palladium black when 
only a very slight change in the D-content of the gas could be detected as 
shown in Table 11. 

Table II 

Time in mins D-content of the gas 

0 9'9 

21 10-2 

35 101 

If we consider that in the electrolytic separation of the hydrogen isotopes 
a separation factor of about 4 is imposed on the system by the hydrogen-water 
equilibrium, we can understand why the separation factor observed under 
different conditions (different metal-electrodes, current densities, of the 
electrolyte) does not differ very much from this value. Naturally the water- 
hydrogen e(}uilibrium is not the only factor to be considered in the electrolytic 
separation, since in the most efficient fractionation experiments the factor is 
always higher than 6, and the velocities of discharge of the ions and the forma- 
tion of molecular hydrogen may affect the separation. 

Furthermore it is clear that this factor determining the electrolytic separa- 
tion must also intrude in the chemical separation of the isotopes occurring 
when metals are dissolved in water or acids* or steam is decomposed by 
iron or carbon at high temperatures, although we originally attributed this 
separation to different velocities of the dissolution in light and heavy water. 

Considering all the different processes such as electrolysis, the catalytic 
decomposition of formate and the liberation of hydrogen by dissolving metals, 
we may anticipate that whenever hydrogen is evolved in aqueous solution by 
any process the hydrogen water reaction is, more or less, always operative 
thus causing, when light and heavy water are present, an isotopic fractionation. 
This is especially interesting in the preparation of heavy water by electrolysis 
as we might always expect a separation factor of the order 4 — since the attain- 
ment of the equilibrium can be easily effected experimentally, e.g., by coating 
the electrodes with palladium or platinum. 

The connection between the hydrogen water equilibrium and the electro- 
lytic or chemical separation factor ’’ can be established as follows. 

The complete equilibrium is given by the three following equations and 
equilibrium constants : 

H. + D.^2HD 

t A, Farkas and L. Farkas, ‘ Nature,* vul. 133, p. 139 (1934). 



628 


Au Farkaa and L« Farkas 


H,0 + DaO ^ HOD 

„ [HOD]* 

[H,0][D,0]’ 

( 2 ) 

HjO + HD ^ HOD + H, 

^ [HOD][H,] 

[H,0][Hb]- 

( 3 ) 


It can be easily shown that all other exchange reactions between the difierent 
sorts of hydrogen and water molecules naay be derived from these three 
equations, e.^., 

H.O + D.^D.O + H. = 

Kj was originally calculated theoretically by Urey and Rittenberg’*' and 
their results were later experimentally confirmed, f being about 3 '27 at 
room temperatures. K 2 has not yet been determined, but it will probably 
not differ very much from Kx. The equation (3) expresses the complete 
equilibrium alone for low D-contents in gas and water, when only the mole- 
cules Hj, HD, and HgO HOD are present. 

Then 

„ _ [HOD] [Hal ^ [HOD] 1 ^ 

^*“[HaO][HD] ~ [HD] ~ D,„ ' 

If we introduce H and D content of gas and water, i.c., the magnitudes 

lU =[Ha] + i[HD], 

=[DJ + i[HD]. 

H,^ater ~ [H.O] + J[HOD], 

Dealer = P20] + Hhod], 

the separation factor defined by 

_ (H/D)^ 

(H/DW 

can be expressed using the equations (1), (2), and (3) as a function of Ki, K 2 , 
and Es. 

This expression is very complicated for the particular case, but is reduced 
to a rather simple form Kj = = 4 (which does not involve a large error). 

♦ * J. Chem. Phye.,’ vol. 1, p. 137 (1933). 

t Part I and ‘ Nature/ vol. 132,, p. 874 (1933) ; Bleakney and Urey, ‘ J. Chem. Phys./ 
voJ. 2, p. 48 (1934). 
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We then obtain 

i.e,, that this ratio is in effect a species of equilibrium constant, being inde- 
pendent of the H and D content. 

It must be remarked, however, that in the e3cact treatment where the assump- 
tion Kj — Kjj = 4 is not fulfilled, this ratio is not necessarily independent of 
the D-ooncentration. 

We are very much indebted to Professor E, K. Rideal, F.R.S,, for his interest 
in our work and for the communication of this paper. 


Summary 

It is shown that when in the electrolysis of a mixture of light and heavy 
water a preferential libration of light hydrogen takes place, the gas evolved 
may reach equilibrium with the water corresponding to the reaction 

HjO + HD ^ HOD + Hg, 

the equilibrium constant of this reaction being about 3-8 at room temperature. 
It is pointed out that the position of this equilibrium is an important factor 
in the electrolytic separation of the hydrogen isotopes. 


2 V 


von. CXLVl. — A. 
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ExferimenU on Heavy Hydrogen IV — The Hydrogenation and 
Exchange Reaction of Ethylene wiih Heavy Hydrogen 

By A. Fabkas, L. Fabkaj9» and Ekic K. Ribeal, F.R.S., Laboratory of 
Colloid Science, TKe University, Cambridge 

(Received June 5, 1934) 

Hitherto it has generally been assumed that the catalytic hydrogenation 
of ethylene linkages in organic compounds at surfaces such as nickel or platinum 
involves merely the direct addition of a molecule of hydrogen across the double 
bond. In view of the fact that chemi-adsorbed hydrogen on catalytically 
active metallic substrates is in the atomic form it seemed possible that the 
reaction was indeed a more involved one than that suggested by the simple 
hj^thesia referred to. By employing mixtures of light and heavy hydrogen 
it is possible to follow the reaction in more detail since the fate of the “ labelled 
heavy hydrogen atoms can be determined. Ethylene itself was used as a 
suitable substance for examination since it is readily hydrogenated at relatively 
low temperatures and complications due to other reactions are under these 
conditions absent. 


Ex'perirmfdal 

The experimental arrangement was very simple and is shovm in fig. 1. 
The catalyst employed was in the form of a mckel wire, 0*1 mm diameter and 
15 cm long, which was “ activated ” by oxidation, at 600° C, and reduction, 
at 3(X)° C, several times in succession. The temperature of the wire was 
controlled by measuring its resistance in a Wheatstone-bridge. The trap D 
which was cooled by acetone carbon dioxide mixture served to protect the 
catalyst from poisoning by tap grease or by mercury vapours. 

The ethylene used was distilled several times in mow. The mixture of light 
and heavy hydrogen was kept in the burette B after purification by passage 
through a palladium tube. The ethylene and hydrogen were both introduced 
into the reaction vessel V (volume 50 cc) and the pressure measured on the 
mercury manometer M. 

In the course of the reaction between the ethylene and the hydrogen in 
addition to the change in the pressure the deuterium content of the hydrogen 
present in the vessel was measured from time to time using the micro-thcrmo 
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conductivity method.* The aamples which were withdrawn through the 
lock L (volume 0*2 cc) passed through a trap (T) cooled by solid nitrogen of 
63® K in order to freeze out every trace of ethylene and ethane which would 
affect the conductivity measurement. This D-determination could be per- 
formed relatively rapidly and each determination did not take longer than 
2 to 3 minutes, and on account of the small amount of gas required for each 
measurement the decrease of the pressure caused by withdrawing the 
sample was practically negligible. 



Fio. 1 


The most striking features of the interaction of ethylene and heavy hydrogen 
are revealed by the experiments given in Tables I and IL 

Table I — Temperature 20® C 


Tixnom 

Rthvlene preasure 

Hydrogen prcusuro 

H-content 

mina 

in mm Hg 

in mm Hg 

% 

0 

31*5 

32-6 

300 

10 

13-6 

24‘5 

30*0 


5*6 

16*6 

33-2 

37 

1-0 

120 

33*8 


♦ A, and L. iVkas. * Proo. Roy. Soc.,’ A, vol. 144, p. 467 (1934). 


2 Y 2 
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Table 11 — ^Teraperature 120° C 


Time in 

Ethylene pressure 

Hydrogen pressure 

I)-conto»t 

mine 

in mm Hg 

in min Hg 

in% 

0 

12 

14 

301 

7 

8 

10 

18>9 

13 

6 

7 

16 4 

21 

4 

6 

12*9 

46 

2 

4 

111 


If the hydrogenation proceeds at low temperatures the D-content of the 
hydrogen does not suffer any marked change, an indication that both light 
and hea\^ hydrogen are consumed by the ethylene at nearly identical velocities. 
Actually a alight increase in the D-content is obtained indicating a small 
difference in the rates of the reaction between ethylene and light and heavy 
hydrogen respectively which is, however, much smaller than one would anticipate 
from analogy with other reactions. We shall refer to this point below. 

At higher temperatures in the progress of the reaction a considerable decrease 
in the D-content is to be observed, a feet which cannot be accounted for by 
assuming that this might be due to a higher rate of consumption of heavy 
hydrogen compared with the light isotope. Not only is this assumption 
highly improbable but direct experimental evidence against this view can be 
provided by the following data. Table III shows the results of an experi- 
ment carried out at 120° C. 


Time 

Ethylene 

Table III 

Ethan© 

Hydrogen 

I)-conterit of 

in 

pressure 

pressure 

pressure 

hydrogen 

mins 

in mm Hg 

in mm Hg 

in. mm Hg 

in % 

0 

15 

0 

25 

63‘8 

27 

0 

16 

10 

26 '0 


The decrease of the D-content in this case coiild only be caused by a pre- 
ferential reaction of the heavy hydrogen on the assumption that the light one 
did not react at all. 

The actual cause for this decrease is an exchange reaction cwcurring between 
ethylene and hydrogen according to the equation 

C^4 + HD^CaH3D + H„ (1) 

as it is obvious from the experimental data cited in Tables IV and V. 

Table IV — ^Temperature 165° C 

Preware in mm Hg D*oontent of 

ethylene ethane hydrogen hydrogen in % 


Initial 20 0 24 62 

Final 13 7 17 22 
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The hydrogen containing 22% D in the gas mixture was replaced by pure 
hydrogen and the mixture of pure hydrogen, heavy and light ethylene and 
ethane re-admitted to the reaction vessel. After reaction the results given 
in Table V were obtained. 

Table V— Temperature 155° C 

PrcBBure in mm Hg D-oontont of 

ethyUmo rthano hydrogen hydrogen in % 


initial 13 7 16 0 

Final 10 10 13 13 


In the second run the exchange reaction causes an increase in the D-content 
of the freshly added ordinary hydrogen since the ethylene which was used 
already contained a considerable amount of D from the previous experiment. 

It is clear that this exchange reaction can only be detected by using heavy 
hydrogen as reactant and by measuring the D-content during the process of 
hydrogenation. A comparison of reaction rates by measuring the pressure 
change alone would at these relatively high temperatu s give us merely a 
measure of the rate of hydrogenation of ethylene by Hg and the rate of 
hydrogenation of a partially D-substituted ethylene with a partially diluted 
mixture of light and heavy hydrogen.* 

In equation (1) we have assumed that only ethylene but not ethane undergoes 
the exchange reaction. By conducting separate experiments it was found that 
ethane showed no interaction at all with heavy hydrogen under conditions in 
which in the presence of ethylene the exchange reaction proceeded readily. 
In the absence of the catalyst no homogeneous exchange reaction between 
ethylene and heavy hydrogen could be observed up to 260° C.f 

The experiments recorded in Tables IV and V indicate that we are dealing 
with a reversible reaction. The equilibrium of this reaction can be actually 
established provided that the exchange reaction proceeds much faster than the 
hydrogenation since the ethane molecules formed in the hydrogenation 
are not able to undergo the exchange reaction. Above 120° C the exchange 
reaction on the catalyst actually employed was fast enough to approach this 

* It must be observed that if pure Hg and pure Dg react at different rates with a certain 
substance they do not necessarily do so, when present in a mixture of light and heavy 
hydrogen, since exchange reactions similar to that described above may be operative. 
Thus to what an extent a separation of the hydrogen isotopes occurs in a chemical reaction 
prooeeding in a mixture of the two can only be determined by direct experiment. 

t This exchange would naturally be operative in a temperature region where the equili- 
brium CgHg ^ CgHg -f Hg comes into play. 
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eqtdlibriTun. In Table VI ike resultB of some experiments are aiwwm toget;her 
with the final D-oontent calculated on the assumption that at eqidltbrium the 
D is equally distributed between ethylene and hydrogen. 


Table VI — Temperature 120-160® C 


Pressures in mm Hg 
ethylene hydrogen 

D-content % 
initial final 

Final D % 
calculated 

8‘7 

11-8 

30 0 

11-0 

11*5 

10 

21 

30*0 

13-5 

15*4 

7 

19 

800 

15-2 

17*3 

15 

25 

63‘8 

26*0 

29*1 


From these figures it would appear that the equilibrium constant of the 
reaction (1) 


Kx 


(C,H,D) (H,) * 
(C2H,)(HD)^ 


is somewhat higher than unity, t.e., the heavy hydrogen is preferentially 
present in the ethylene. It is very probable that the exact value of this 
constant is even higher than that indicated by these results since in our experi- 
ments the ratio of the rates of the exchange reaction to that of the hydrogena- 
tion reaction was not large enough to ensure a complete exchange before any 
ethane was formed. 

Over the temperature range between 20 and 100® C both the addition and 
the exchange of hydrogen proceed simultaneously, the latter reaction coming 
to an end when the ethylene is used up. Table VII shows the results obtained 
at different temperatures. 

In order to measure the change in the D-content during the course of the 
reaction at different temperatures catalysts of different activity were ©mployed.f 
Thus the dependence of the hydrogenation and exchange reaction on tempera- 
ture was not directly determined but 3rather the ratio of the temperature 
dependence of these two reaction velocities. This ratio was found to be 
independent of the activity of the catalyst, 

♦ This equilibriutn constant determines the distribution of light and heavy hydrogen 
between ethylene and hydrogen only for comparatively low D'contents in the hydrogen. 
For higher D-contents we must evidently take into consideration the equilibrium between 
the mono- and the difEerent di- and poly- deutero-ethylene molecules, and between H*, 
HD, and Dg. 

t This method is identical with that employed in investigating the distribution of 
oxygen between carbon monoxide and hydrogem by Hurst and Eideal, * J. C^iem. Soc.,' 
vol. 125, p. 686 (1824). 
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Table VII 


Tmpemtare 

*•0 

CgH^ i H, 

D^oontent in % 

Pinal I)% 
oaloolatea 

Kquilihrium 
attained in 

initial 

final 

with 1 

0 / 

/o 

20 

1:1 

29-7 

35*4 

9-9 

-0 

58 

0-6:1 

65-9 

46-5 

30-0 

48 

78 

0*6; 1 

63-6 

43-5 

81-8 

65 

120 

0-58: 1 

65-0 

28-0 

30-2 

-100 


In column 6 the attainment of the equilibrium is given in %, i.e., the expres- 
sion 100 [Dinltlftl I^flnal/I^lnltUl ““ I^calcalfttcdl* 

These results show quite definitely that the exchange reaction and the 
addition reaction proceed independently of each other since they have different 
temperature coefficients. Whereas at low temperatures the addition of the 
hydrogen occurs without the exchange, at higher temperatures the latter is 
the faster process. 

In order to obtain some information about the state and concentration of 
the hydrogen and ethylene on the surface of the catalyst a comparison of the 
rate of hydrogenation with the reconversion of parahydrogen was made. 
According to Bonhoeffer and Farkas*^ on a catalyst such as nickel the mechanism 
of the parahydrogen conversion is attributed to the loosing of the bond 
between the hydrogen atoms in the adsorption layer, to such an extent that 
the individual atoms are bound more firmly to the catalyst than to each other. 
When the hydrogen evaporates the atoms recombine in such a manner that 
the orthopara hydrogen content of the gas leaving the surface corresponds to 
the equilibrium at the temperature of the catalyst. Thus we can use the rate 
of the parahydrogen conversion as a measure of the adsorption and desorption 
velocity of hydrogen. 

In fig. 2 is shown the conversion of 45% parahydrogen into nonnal hydrogen 
(25% p-Hj) at 20*^ C and 26 mm pressure. The rate of conversion is not 
altered by the presence of 17 mm of ethane. (The slight shift is due to the 
time delay caused by the diffusion with which the concentration change in the 
reaction vessel, V, fig. 1, reaches the lock 1.) 

Fig. 3 refers to a hydrogenation experiment carried out in mixture of 19 mm 
ethylene and 23 mm 46% p-Hg showing the consumption of ethylene and the 
rate of conversion. It is noted that the presence of ethylene strongly inhibits 
the parahydrogen conversion which, however, sets in immediately the bulk 

* * Z. phys. GhemV B, vol. 12, p. 231 (1931). * TraoB, Faraday Soo./ voL 28, pp. 242, 

361 (1931). 
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of the ethylene is used up. The inhibition by ethylene of the ortho-para 
conversion of hydrogen is thus a phenomenon identical with the inhibition of 
the dissociation of hydrogen at ahot tungsten wire by traces of oxygen examined 
by Langmuir,**' and a similar inhibition caused by traces of oxygen on the 
hydrogenation of ethylene.f When the inhibitor is removed by reaction the 
main reaction proceeds at a normal rate. This inhibition of the parahydrogen 
conversion by ethylene is completely reversible for the same rate of conversion 
was obtained before and after the hydrogenation experiment. 



Fig. 3 shows, furthermore, that the decrease of ethylene pressure is exactly 
linear in the first 30 minutes of the hydrogenation indicating a zero order 
reaction. 


Ducmsion 

These experiments give us some information about the mechanism of the 
hydrogenation of ethylene. The strong inhibition of the parahydrogen con- 
version by the ethylene suggests that at 20® C and at pressures of some 10 mm 
ethylene the surface of the nickel catalyst is very nearly completely covered 
with a layer of C 2 H 4 , which prevents the adsorption of hydrogen and thus the 

• ‘ J. Amer. Chem. Soc./ vol, 37, p. 1102 (1916) ; ‘ Trans. Faraday Soc.,’ vol. 16 (1921). 
t Rideal, ‘ J. Chem. Soc.,’ vol. 121, p. 313 (1922V 


637 


Experinimta on Eea^ Bydrogefi 

parahydrogon conversion. The hydrogenation occurs whenever by evapora- 
tion of a CJS^ or a CjH® molecule a gap can be filled by hydrogen which then 
reacts with the ethylene before leaving the surface. According to this view 
CJEL^ is on the surface of the catalyst in a state in which it is ready to take up 
the hydrogen reaching it. The hydrogen which reacts with the ethylene on 
the catalyst is not necessarily dissociated into atoms, especially at low tempera- 
tures, although this probably occurs on a nickel surface. This mechanism 
explains the observed zero order of the reaction since the rate of reaction is 
determined simply by the rate of evaporation of Cj^H^ which is independent of 



the hydrogen and ethylene pressure until tlie adsorption layer becomes un- 
saturated. [From the experimental data this is so at 20° C down to 1-2 mm 
CA pressure, whereas at higher temperatures (about 60° C) the reaction 
ceases to be one of zero order, an indication that the adsorption layer is no 
longer saturated.] 

This reaction mechanism is furthermore consistent with the fact that at 
20° C the light and heavy hydrogen are added to C,H 4 at nearly the same 
speed, since the consumption of the molecules Hj, HD, and D, takes place at 
the relative rates of their impingement on the gaps in the surface layer. The 
slight concentration increase in the D-content observed during the reaction 
(Table I) can be accounted for by the different molecular velocities of these 
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species. This is the reason why there is no difference in tiw resctim rates ffir 
light and heavy hydrogen, due to different activation atergies, (m account of 
the difference in their zero point energies as has been shown to h<dd for the 
diffusion through palladium,* for the union with chlorine,t and bromine} for 
the catalytic reaction with nitrons oxide and oxygen§ and anticipated theo- 
retically by Polanyi and Cremerli and by Biying.^ 

On increasing the temperature the surface of the oatafyst does not remam 
saturated with ethylene but will be covered partially by a mixture of hydrogen 
and ethylene. At the same time the C — bond becomes loosened in a manner 
similar to that which the H — H bond undergoes when hydrogen is adsorbed 
and undergoes the parahydrogen conversion. Since nmultaneously light and 
heavy hydrogen molecules or rather atoms are present in the adsorption layer 
the exchange reaction, 

CjH 4 + HD = CjH,D + H, 

will occur when the >C = C< radical picks up new hydrogen atoms. The 
evaporating ethylene will now contain heavy hydrogen atoms corresponding 
to the concentration of the latter provided that a complete dissociation of 
the CjH, into >C — C< has taken place. At still higher temperatures even 
a complete dissociation involving a breaking of the double bond may occur. 

The decrease of the ethylene concentration in the adsorption layer with 
increasing temperature accounts for the fact that the rate of hydrogenation 
of ethylene is not markedly temperature dependent. 

Since the exchange reaction proceeds more slowly than the addition reaction 
below about 60° C and more rapidly above this temperature we can conclude 
that there are two factors which are responsible for this marked change in 
relative velocities. In the first case it is clear that in the addition reaction the 
steric factor is more important than in the exchange reaction for it is only at 
highly localized areas on the adsorbed molecule that addition can actuaUy take 
place. Since the reactions have different teinperature coefficients this involves 
the assumption of different energies of activation, that for the addition reaction 
being the smaller. 

* A. and L. Farkas, ‘ Proo. Roy. Boo,,' A, vol. 144, p. 467 (1084). 
t A. and L. Farkas, * Katorwiss.,’ vol. 22, p. 218 (1934) ; </. BoUcAon, ‘ J. CSiem. Fhys.,* 
Tol. 2. p. 144 (1934). 

} Bonhoefier and Baoh, ' Z. phya. Chem.,’ A, vol. 168, p. 313 (1934). 

§ JfeMUe, ‘ J. Chem. Soo.,' p. 797 (1924). 

i| ‘ Z. phys. Chem.,’ vol. 319, p. 443 (1982). 

f * Proo. Nat. Acad. Sol. Wash.,' vol. 19, p. 78 (1988). 
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These expezixnents raise the question as to how gene^^al this exchange 
reaction may be. For ethylene this phenomenon is most probably connected 
with its strong adsorptivity. Since the adsorption of ethylene on metals is 
much stronger than one would anticipate from its boiling point {of. ethane) it 
is evident that it is due to forces of a de&iitely chemical nature which are 
also operative in the adsorption of hydrogen. Whether these chemical forces 
are based on the interaction of the double bond with the metal or on the loosen* 
ing efEect of the double bond on the C — linkage and then on the interaction 
of the H and the >C— C< radical* cannot be decided at the moment. The 
latter possibility receives some support from the fact that in acetylene where 
this loosening is caused by the triple bond the hydrogen atom can be directly 
replaced by metals.f 

Summary 

An examination of the interaction of ethylene and light and heavy hydrogen 
at a catalytically active nickel surface has revealed the fact that two reactions 
are involved ; an exchange reaction which may be written 

C^4 + HD ^ CaHjD + Ha 

and the more usual addition reaction 

CaH4 + HD ^ CaH^D. 

The steric factors and the temperature coefficients of these two reactions are 
not identical By examining the rate of hydrogenation simultaneously with 
the rate of paraortho hydrogen conversion some light is thrown on the mechanism 
of hydrogenation reactions. 

♦ Acoording to this view tetra-raethyl-ethylene should not be strongly adsorbed, 

t With both acetylene and benrene we have failed so far to find an exchange reaction, 
but the catalyst underwent rapid irroversiblo poisoning. It is hoped that such poisons 
may be capable of being removed by suitable purification. 



640 


The Compressibility of Aqusous Solutions II 
By W. G. Thomas and E. P. Perman 
(Oommunioated by A. W. Porter, F.R.8, — Received April 17, 1934) 

Introduction 

In an earlier communication, Perman and Urry*** described the measure- 
ment, by a direct method, of the compressibility coefficients of aqueous solutions 
of urea, cane sugar, potassium chloride, and calcium chloride, over a range of 
temperatures and concentrations. Their work was over the pressure range 
0-200 atmospheres excess pressure. They wore able to apply their results, 
together with other data obtained by their co-workers, to an extension of 
Porter’s theory of compressible solutions, and thus obtained values for the 
osmotic pressures of those solutions which agreed very well with the values 
obtained by more direct methods. 

The present work is a continuation of this and subsequent work (unpublished) 
by these authors. It was intended, especially, to investigate the eSect of the 
nature of the solute molecule upon the compressibility, and, for this reason, 
the choice of solutes was particularly important. A number of series of 
chemically related compounds were used where only one part of the molecule 
varied in a progressive manner from substance to substance. In another 
series there was no chemical relationship, but the members had the same 
empirical formula and their molecular weights were therefore simple multiples 
of each other. 

Finally it was intended to use as fully as possible the experimental results 
of Perman and Urry. 

Experimental Procedure 

The experimental procedure was, fundamentally, the same as that of 
Perman and Urry, but the results were obtained at one temperature only, 
namely, 30® C, at which temperature the thermostat was very accurately 
maintained at all times. The thermostatic arrangements were superior to 
those of the earlier workers. Electrical immersion heaters in the bath were 
controlled by a thermo-regulator-relay system, but, contrary to the usual 

• ‘ Proc. Roy. Soc.,* A, vol. 126, p. 44 (1929), 
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procedure, the relay, when activated, did not cut oft the current supply to the 
heaters ; it introduced, in series, a resistance which was so adjusted that the 
current supply to the heaters was reduced until it was just insufficient to 
maintain the bath at constant temperature. When the relay was inactive, 
this resistance was short-circuited, and the current in the heaters was regulated 
by another resistance until it was only slightly in excess of that required to 
maintain the bath at 30® C. The variation of current in the heaters was, 
therefore, very small, whereas, in the customary method, the variation was 
from the maximum to zero. This arrangement also assisted greatly in reducing 
sparking at the relay contacts. 

A further increase in accuracy was considered necessary in the calibration 
of the capillary tubes. It was noted that the equation V = 7 rr® (L — 2/3f), 
giving the radius of the tube in terms of the length and volume of the mercury 
thread used in the calibration, did not admit direct solution. If the effect of 
hemispherical ends were ignored, as is usual in such calibrations, where, the 
length of the thread is great compared with its radius, there would be an error 
of nearly 4% in the value of r®, since L cannot be greater than 16 mm and r is 
about 0*76 mm for the tubes used. Furthermore, the ends are not spherical, 
as was assumed in deriving the above equation. An alternative method of 
procedure was therefore adopted. A very long thread was introduced into the 
tube and its length Lj measured. A small portion (about 1*3 cm) was run 
out into a tared weigh-tube and the length of the remainder Lg measured. 
During the measurements of and Lg, one end of the long thread was adjusted 
to coincide accurately with the etched mark on the tube. Then the portion of 
thread which had been removed was considered as an equivalent cylinder with 
one end concave and the other convex (not necessarily spherical, but some 
definite constant shape), having a volume V = (L^ — Lj), its mean position 

being i (Lj + Lg) from the etched mark. This procedure was repeated, small 
lengths of mercury being run out and weighed until the whole tube was 
emptied. 

This method of calibration was also considered very suitable because it 
bore a great resemblance to the method of measuring volume changes in the 
capillaries due to pressure during actual experiments. In practice, r need not 
be calculated, but a graph may be plotted for each capillary tube showing its 
internal volume (i.e., the weight of the mercury thread divided by density of 
mercury) against the distance from the etched calibration mark. 

With these exceptions, the general experimental procedure was the same as 
that of Perman and Urry, and, since the same kind of glass was used in the 
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oouBtructioix of the piezometers, use could be made of the elastic constaats for 
glass obtained by them.* 

The Solutions Studied 

Three series of compounds were considered, care being taken that the 
compounds selected were sufficiently soluble to give a good range of con- 
centration. 

The first, consisting of potassium chloride, potassium bromide, and potassium 
iodide, gave an example of an inorganic salt series where the acid radicals 
varied from salt to salt, but themselves belonged to a chemically related 
series. 

The second series was chosen where the metallic radicals varied from salt to 
salt, but which were all members of the same periodic series, and consisted of 
the bromides of calcium, strontium, and barium. The values for the solutions 
of calcium chloride studied by Perman and Urry were compared with those for 
this series. 

The third series consisted of very soluble organic compounds having the 
aame empirical formula but having no close chemical resemblances. Formalde- 


Table I — Series I 


Grama per 

Grama per 

n/N 


CompreaaibUity 

100 grama 

100 CO 

^4 

(O-lOO atmoaphorea) 


PotasBium Chloride (Perman and Urry) 


2*59 

2*62 

0*0063 

1*011 

428 X 10"» 

6*37 

5*63 

0*0134 

1*029 

412 

10*40 

11*04 

0*0276 

1*062 

385 

12*23 

13*16 

0*0337 

1075 

376 

17*92 

19*95 

0 0526 

1*113 

847 

22*10 

25* 3S 

0*0690 

1*144 

328 



Potassium Bromide 



3*23 

3*32 

0*0050 

1*027 

430 X 10-» 

9*60 

10*34 

0*0161 

1*077 

401 

U-60 

16*39 

0*0269 

1*123 

378 

19*51 

22*77 

0*0367 

1*166 

358 

25*61 

30*9S 

0*0519 

1*218 

337 

31*16 

39*42 

0*0685 

1*265 

317 

32*10 

40*70 

0*0716 

1*268 

314 



Potassium Iodide 



6*32 

6*62 

0*0073 

1*048 

422 X 10-* 

12*41 

13*66 

0*0154 

MOl 

399 

19*S6 

23*14 

0*0268 

1*165 

374 

31*02 

39*68 

0*0488 

1*279 

336 

3S*76 

53*46 

0*0687 

1*379 

313 

47*53 

62*09 

0*0983 

1*476 

302 


♦ * Froo. Phya. Boo.,* voL 40, p. 186 (1928). 
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Ityde and acetic acid formed thia series mdiicli was compared with the sugar 
solutions of Urry (see Appendix). 

Tables I-IIl give the experimental results, the concentrations being expressed 
as (a) grams of solute per 100 grams of solution, (b) grams of solute per 100 
«c of solution, and (c) the ratio of the number of molecules of solute n to the 
number of molecules of solvent, N. 


Table II— Series II 


QrAnu por 

100 grami 

13*20 

Grams per 
100 00 

16*04 

n/N 

Calcium Bromide 

0*0138 

1*132 

Compressibility 
(0-100 atmospheres) 

382 X 10‘» 

26-84 

34*77 

0*0331 

1*296 

322 

40*36 

69*74 

0*0610 

1*480 

272 

62*76 

87*74 

0*1007 

1*663 

221 

60*04 

109*70 

0*1354 

1*798 

204 

13*03 

14*67 

Strontium Bromide 
0*0109 

M26 

388 X 10-’ 

24*70 

31*17 

0*0239 

1*262 

342 

33*98 

47*13 

0*0376 

1*387 

309 

42*17 

64*01 

0*0631 

1*618 

279 

60*24 

80*66 

0*0736 

1*665 

248 

^•60 

97*97 

0*0912 

1*763 

226 

8*74 

9*40 

Barium Bromide 
0*00681 

1*076 

412 X 10-’ 

15*85 

18*26 

0*01142 

1*151 

382 

24*19 

30*07 

0*01934 

1*243 

361 

81*87 

40*44 

0*02836 

1*341 

322 

42*93 

64*44 

0*04660 

1*602 

283 

63*01 

92*40 

0*06839 

1*743 

246 

Orams per 

100 grant* 

Table III— Series III 

Grama per ~ 

100 00 ^ 


Compressibility 
(0-100 atmosphexee) 

7*96 

8*11 

Formaldehyde 

0*0518 

1*020 

416 X 10“’ 

11*6 

11*82 

0*0780 

1*026 

406 

16*4 

17*06 

0*1177 

1*040 

379 

22*1 

25*42 

0*1703 

1*055 

361 

29*0 

81*12 

0*2460 

1*078 

340 

33*1 

85*68 

0*2970 

1*078 

326 

40*2 

43*70 

0*4034 

1*087 

808 

10*0 

10*05 

Acetic Add 

0*0384 

1*006 

433 X 10“’ 

20*6 

20*83 

0*0774 

1*016 

417 

30*7 

81*50 

0*1329 

1*026 

396 

42*6 

44*18 

0*2227 

1*086 

SSI 

117*3 

69*89 

0*4028 

1*046 

351 
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Fig. 1 shows the compressibility-conoentzation cnrvea dtawn fiom these 
figures, but, owing to the smallness of the scale of plotting, the individual 
curves for each member of any series cannot be distinguished from those of the 
other members of the same series ; accordingly, the curve for the middle 
member of each series only is given except for Series III where the curves are 
sufficiently spaced to allow separate plotting. 

The values for solutions of calcium chloride (Perman and Urry) would, if 
plotted on the same diagram, almost coincide with the curve for Series II 
which includes calcium bromide. 



Discussion 

Inspection of small scale graphs at once suggests that the compressibility 
curves for substances closely related chemically lie very close to each other, 
whereas, when there are few or no chemical resemblances, as in Series UI, 
the curves are widely spaced. In this connection, compare the diagram on 
p. 64 of Perman and Urry’s earlier paper showing compressibility-concentra- 
tion (molecular) curves at 30° C for potassium chloride, calcium chloride, urea, 
and cane sugar solutions. There, too, no relationship is suggested between the 
curves of chemically unlike substances. 
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A more careful plotting of the results on a larger scale reveals further informa- 
tion for the series of chemically related substances. 

In Series I, the molecular weights differ by steps of about 46 units. It would 
be expected that an increase of this amount to the molecular weight of the 
chloride would cause a greater effect than the same addition to that of the 
bromide. This is, in fact, seen to be so, since the curve of potassium bromide 
lies slightly closer to that of the iodide than it does to the chloride curve. 

This effect is also seen in the large scale diagram for Series II. In Series I, 
the weight variation between the compounds was greater than the weight of 
the common radical; in Series II, the heavier part of the molecules, the 
bromide radical, is fixed and the variation is small in comparison. Hence the 
curves for this series should lie closer than those of Series 1. This is so, and 
moreover it can be seen that the curves for the two heavier bromides, barium 
and strontium, are more closely related than those of the lighter pair, calcium 
and strontium. 

On this basis, too, it would be anticipated that the curves for solutions of 
calcium chloride (Urry) and calcium bromide should resemble one another 
more than those of potassium chloride and potassium bromide. The experi- 
mental results amply confirm this. 

According to the electron theory, the members of these series differ amoiigst 
themselves by the number of electron orbits completed, the valency group 
upon which the chemical properties largely depend being common in any series. 
It is known that usually an increase in the number of completed orbits means an 
increase in the general stability of the compound and so, on this basis too, the 
differences between the properties of the chloride and bromide solutions should 
be greater than the differences between the properties of the bromide and 
iodide solutions. A similar statement might be made for the other series. 

The compounds of Series III consisted of the same elements in exactly the 
same proportions by weight, but no obvious chemical properties are common 
to the compounds. Accordingly, no similarity was expected, worthy of 
notice, between the compressibility curves for the soxies, and none was observed. 

Mention may be made liere of a series of results obtained by Urry (pritate 
communication) for three sugars, a monosaccharide, a disaccharide, and a 
trisacoharide, namely, glucose, sucrose, and raffinose (see Appendix). The 
curves drawn from the data do not lie so close os those of Series I or II above, 
but are sufficiently close to indicate that there is some relationship between 
them. The compounds, being sugars, have many chemical resemblances, and 
we suppose that the molecules arc built up of very similar units. The general 
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symmetry of the whole molecule would, however, differ very much along the 
aeries and it would be expected, therefore, that the curves for this series would 
not bear the close similarity of those of such a series as the salt series considered 
above, but would show a greater relationship to each other than the curves of 
a series such as the Series III considered above. The experimental results 
support this view. 

Consideration of the data available, namely, that in Perman and Urry's 
earlier communication, TJrry’s unpublished results for the sugar solutions, and 
our own results given above, suggests, therefore, that there is some connection 
between the nature of the solute molecule and its effect upon the compressibility 
of the solvent, water. 

Firstly, it is seen in all substances examined that the depression of com- 
pressibility is some function of the concentration of the solution, but, unless 
there is a close chemical relationship between the solutes, there is little similarity 
between the effects of different solutes. Where this similarity does exist, 
such as in one of the salt series described above, the effects are quite orderly 
and appear to depend directly upon the closeness of the relationship between 
the compounds considered. Unfortunately, however, the data available are 
very scanty for s\ich a qualitative survey of so large a field ; there are many 
indications, however, that there is a chemical as well as a physical aspect of 
solution and theories of solution. 

It is well known that there is some chemical connection between solute and 
solvent, sufficient indeed to suggest a loose chemical combination between the 
molecules. The theories of co-ordinate linkages put forward by Sidgwiok 
and others already famish a mechanism for such solute-solvent combinations, 
and it is reasonable, therefore, to suggest that the effect of the solute upon the 
physical properties of the solvent depends to a greater extent upon the chemical 
properties of the solute than upon its molecular weight. 

In the compressibility results given this is definitely confirmed. 

In all the above considerations the curves studied have been those in which 
the molecular concentration (n/N) has been plotted against the compressibility. 
Th<s method of expressing the concentrations can be varied, but, although curves 
for any series may then become more widely spaced, the general arguments 
outlined above still hold. 

When, however, the concentrations are expressed in terms of the weight of 
solute per unit weight of solution, the curves (not reproduced here), platted 
fiiom the data, nearly always approximate to straight lines. This is men- 
tioned in Perman and Urry’s paper, pp. 62-64, but no iffieoretioal inference was 
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drawn. The weight-conoentration-compressibility curves for sucrose and 
potassium chloride are straight for all temperatures ; that for urea showed very 
slight curvature which, the authors suggested, was due to a slight hydrolysis 
which is known to take place. The calcium chloride curves, however, show 
considerable curvature over the whole range, the explanation probably being 
the great and varying hydration which occurs in solution. 

Weight-concentration-compressibility curves for the present results show 
the same fairly close approximation to the straight line. The curves for Series I 
show very slight curvature for potassium iodide, and even less for the bromide, 
whilst the chloride curve is straight. In Series II, where the curves lie even 
closer, this is even more apparent, and a marked contrast is seen in the calcium 
chloride curve if this is plotted on the same diagram, although, as already 
stated above, it lies very close to the other curves when the concentrations are 
expressed as the ratio of the numbers of molecules. In Series III, the formalde- 
hyde curve is straight whilst that for acetic acid shows but slight curvature 
due probably to such changes as hydration, ionization, and asso<^iation. 

Thus, in most substances studied, a linear equation would approximately 
relate the compressibility and the concentration, the latter being expressed as 
the weight of solute per unit weight of solution. Hence the depression of 
the compressibility Ac can be defined by such an equation as Ac .w. 
If n is the number of solute molecules of molar weight M, in unit weight of 
solution, — n , M. This can be substituted in the first equation giving the 
relationship Ac — ^ . n . M, and since, for any one solute M is normally a 
constant, Ac = K , w, where K is a constant depending partly upon M. This 
final equation is also linear, and so the compressibility-concentration curves, 
replotted to express the concentrations in terms of moles of solute per unit 
weight of solution, would be straight lines too, differing from the weight (in 
grams) per unit weight of solution curves only in the gradient. 

Provided that the concentrations are expressed in this manner, the curves 
for all solutions studied, with the exception of calcium chloride, are either 
straight lines or curves differing only very slightly from straight lines. The 
gradients of the curves, however, differ considerably even amongst members of 
the same related series, and to see best the family relationship between the 
members of any series, the concentrations should be expressed as the ratio of 
the numbers of molecules n/N. 

In the series of three sugars (see Appendix), however, the three curves 
plotted in this way have the $mm ^adient, i.c., are cdwideifd straight lines. 
This would suggest that every raffinose molecule has exactly three times the 
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efEect, and every sncrcMse molecrile twice the effect of a glucose molecule. The 
fact that the lines are straight is to be anticipated after considering the 
information given above, since the sugars, as solutes, usually behave in a more 
orderly manner than inorganic salts, acetic acid, urea, etc. It is also to be 
expected that the heavier raffinose molecule would affect the compressibility 
more than the lighter sugars, but it is not difiB.cult to suggest reasons for the 
effects following the ratio of the molecular weights. 

Two explanations may be put forward to account for this, the one being 
purely physical, and the other purely chemical: — 

(a) Polysaccharide molecules are considered as consisting of monosaccharide 
molecules linked to each other by single bonds. The monosaccharide mole- 
cules are assumed to be unchanged in structure, except for this link, and it is 
reasonable to assume, therefore, that a trisaccharide molecule would have 
approximately three times the volume of one of its constituent monosaccharide 
molecules. Wlien a liquid suffers compression, it is assumed, after consider- 
tion of the available experimental material, that at the lower pressures at 
least (up to about 6000 atmospheres), the main result is to force the molecules 
closer together, so reducing the spaces between them. The molecules them- 
selves are assumed to be only very slightly affected. In a solution, the solute 
molecules must necessarily occupy the spaces between the solvent molecules, 
whether attached to the latter or not. On this basis it might be assumed 
therefore, that, as the compressibility at the pressures we are considering 
depends on the change of volume of the intermolecular (solvent) spaces, the 
effect of a solute would depend directly on the volume of the solute molecule. 
Raffinose would, therefore, be expected to affect the compressibility three 
times, and sucrose twice as much as glucose, 

(b) It has been pointed out above that the effects of a solute upon com- 
pressibility depend very largely upon the chemical structure of the molecule. 
Then, as rafiinose has three 6-carbon imits, sucrose two, and glucose one, all 
bearing a general resemblance to each other, it might be expected that each 
unit produces its own effect as if the others were not present. In the general 
properties of sugars, this is seen. It is known that, when monosaccharide 
molecules combine to form di- and tri-saccharides, their chemical properties 
are not submerged in a new set of properties of the di- or tri-saccharide. 
Accordingly, on a chemical basis, too, we might anticipate that a raffinose 
molecule would affect compressibility three times as much as a glucose molecule, 
and 80 the compressibility-concentration (grams/100 grams) curves would 
approximately coincide. 
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Finally, the compresKibility-concentration (weight) curve for formaldehyde 
solutions would, if plotted upon the same diagram as those of the three sugars, 
bear a very close relationship to the sugar curves. There is not that remark- 
able coincidence that is seen between the sugar curves, but the closeness 
suggests that, whatever explanation is put forward to explain the coincidence 
of the sugar curves, the same explanation must also apply to the formaldehyde 
solutions in which one molecule of formaldehyde would produce approxi- 
mately one-sixth the effect of a molecule of glucose. 

Both the above reasons, chemical and physical (volumetric), can be applied 
if a sugar molecule be regarded as a chain or ring of formaldehyde molecules 
joined through the carbons, but naturally the accuracy of the coincidence of 
the curves cannot be expected to be as good as between the sugars themselves. 

Similar reasoning would suggest that the acetic acid molecule would have 
quite a different volume and effect from two formaldehyde molecules or one- 
third of a glucose molecule, and no relationship to formaldehyde or the sugars 
is expected, or found. 


Appendix 

We are very grateful to Dr. W, D. Urry for permission to include his values, 
hitherto unpublished, for the compressibility coefficients of glucose and raffinose 
solutions. These results are given in Table IV, The concentrations were 


Table IV — Temperature 30"' C. Pressure range 0-100 atmospheres 


Grams por 100 grams 

7t/N 

Glucose 


Compressibility 

4-21 

0 0044 


1-0106 

434-0 X 10“^ 

8*79 

0-0096 


1-0279 

417 

16 ‘28 

0-0180 


1-0626 

396 

26 '83 

0-0367 


1 -0973 

368 

36-23 

0 0668 

Sucrose 

1-1369 

327-6 

6'12 

0-0027 


1016 

430 X 10-'^ 

13'96 

0-0086 


1-051 

400 

20-62 

0-0137 


1-080 

378 

36-62 

0-0293 


1-160 

331 

47-14 

0-0473 


1-210 

292 

66-19 

0-0648 


1-263 

268 

61-67 

0-0848 

Raffinose 

1-293 

247 

6-96 

0-0027 


1-0233 

426*5 X 10-’ 

11-16 

0-0046 


1-0410 

411 

20-71 

0-0093 


1-0836 

377 

26-44 

0 0122 


1-1064 

361 
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determined polarimetrically and are expressed (a) as grams of sugar per 100 
grains of solution, and (b) as the ratio of the number of molecules of sugar to 
the number of molecules of solvent (w/ST). 

For purposes of comparison, the results for cane sugar solutions are also 
repeated here, and thus the whole series consists of a monosaccharide, a di- 
saccharide, and a trisaccharide. 

The relationship of the curves to each other has been discussed above. 

Sumniary 

(1) Slight improvements and modifications of Perman and Urry s method of 
measuring the compressibility of solutions are described. 

(2) Results are given for solutions of potassium chloride, potassium bromide, 
potassium iodide, calcium bromide, strontium bromide, barium bromide, 
acetic acid, and formaldehyde. The measurements were made at 30*^ C and 
over the pressure range 0-100 atmospheres excess. 

In an Appendix, results for solutions of glucose, sucrose, and rafiinose, 
obtained by W. D. Urry, over the same pressure range, are given, 

(3) The results are discussed with regard to compressibility in equi-molecular 
solutions, and to the effect upon the solvent of differently constituted solute 
molecules. ^ 
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Ajpjytoximate Phases in Electron Scattering 

By F. L* Arnot, Ph.D., Lecturer in Natural Philosophy, and G. O. Baikks, 
M.A., The University, St. Andrews 

(Communicated by H. S. Alien, F.R.S.— Received April 18, 1934) 
hdfodmtion 

During the last five years considerable attention has been devoted to the 
scattering of electrons by atoms and molecules of a gas or vapour. On the 
experimental side a large number of scattering curves have been obtained 
showing the angular distribution of the electrons scattered from a primary 
beam by atoms and molecules of many different gases and vapours. The 
most characteristic feature of these curves is the presence of diffraction maxima 
and minima. On the theoretical side expressions, valid under different con- 
ditions, have been obtained showing the variation of scattered intensity with 
angle. Where a comparison between theoretical and experimental curves has 
been made good agreement is obtained, and the theory is able to acKJOunt for 
the observed diffraction effects. 

However, assuming the atomic field is accurately known, the calculations 
required to obtain an accurate theoretical curve for even the elastically 
scattered electrons are exceedingly laborious and consequently approximations 
have generally been made. These consist in using approximate solutions of 
the wave equation, from the asymptotic solution of which the phases are 
determined. 

Two approximate expressions for the phases have been used, one due to 
Jeffreys and the other to Born. In the present paper a number of phases for 
krypton have been calculated by both Jeffreys’ and Born’s method, and these 
are compared with the exact phases determined by Holtsmark. A theoretical 
scattering curve for 121-volt electrons in krypton has also been calculated 
using phases determinexl by Jeffreys’ and Born’s methods, and this is compared 
with Arnot’s experimental curve. 

Jeffreys* Approximation 

The elastic scattering of electrons by a spherically symmetrical field is 
given by 

I (0) = ~ I S (2n + 1) - 1] Pn (cos 0) * 

n «*0 
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where I (6) is the scattered intensity at an angle 0 and 

k 27t/X = (87AnE/A^)^ 

X being the wave-length and E the energy of the incident electrons. Separating 
the expression into its real and imaginary parts, and taking the square of the 
modulus we obtain 

I (6) = [_S (2n + 1 ) (cos - 1) P„ J+ (2« + 1) sin 2S„P„ |*. 

( 1 ) 

The phases in (i) are obtained from the asymptotic solution of the wave 
equation, 

( 2 ) 

where 

( 3 ) 

A* r* 

V (f) being the potential energy of the incident electron in the field of the 
scattering atom. 

If V (r) is zero, the solution of (2) which is zero at the origin is of the form 

^ ~ 3n 1 k (^) 

which has the asymptotic value* 

t}/ sin {kr (4) 

If V (r) is not zero, it is not possible to obtain an analytical solution of (2). 
However, as r increases the two last terms of (3) tend to zero, and when r is 
large a is constant and equal to A®. Thus the asymptotic solution of (2) which 
is zero at the origin is of the form 

4^ sin {kr — Inn + Sn). (5) 

This defines the phases occurring in (1), and we sec from (4) and (5) that 
S„ is zero when V (r) is zero. is thus the phase diSerence between the 
asymptotic solution of (2) when V (r) is zero, and its asymptotic solution when 

V (r) has its value corresponding to the atomic field. 

Now when V (r) is not zero an accurate solution of (2) can be found only by 
a very laborious numerical integration. However, Jeffreysf has shown that 

* Watson, “ Bessol Fimotions,*’ 
t * Proc. Lond. Math. Soo./ vol 23, p. 437 (1924). 
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an approximate solution of (2) can be obtained provided a does not vary too 
rapidly with r. If a is strictly constant, the solutions of (2) arc 


4^ == A exp [-b iaV]. 

Jeffreys takes 

Substituting in (2) we obtain 

A" + 2iA!a^ + iAa»' = 0, 


A (r) exp 


±i|a* 


dr 


(6) 


where the dashes denote differentiation with respect to r. Since A is practically 
constant A'' < A'a*. Neglecting A" we have 


which gives 


2A'a* -b Aa^' 0, 
A Ba-b 


where B is an arbitrary constant. Therefore our approximate solutions of 
^2) are 





(7) 


Now if tt has a zero such that a is negative for r < ry and positive for 
r > Tq then the solutions (7) will be exponential up to /y, and oscillatory 
beyond, Jeffreys has shown that the solution which decreases exponentially 
below Tq, becoming zero at the origin, has the asymptotic form 





{») 


Similarly if V (r) in (3) were zero we should obtain 


where 


4^ sin 



6 = ;fc2_!Li!L±i). 

ft 


(9) 

( 10 ) 


Since 8„ is the phase difierenoe between (8) and (9) we have 



where and /g are the zeros of the respective integrands. 
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The Special Case of 


The derivation of equation (11) requires both a and h to have a definite 
zero between r = 0 and r — oo . Now for all values of n except zero it is 
clear that a and b will have definite zeros for both repulsive and attractive 
fields. 

If n is zero it is clear that b has no zero, and if the field is attractive V (r) 
in (3) is negative and consequently a has no zero. To obtain an expression 
for Sy in this case we must choose from the solutions (7) the one which is zero 
at the origin. This is clearly 



which has the asymptotic form 


sin 


•00 

dr 

Similarly if V (r) is zero we obtain 

1— - ” -j 

(j) ~ sin 


•00 

bidr 



0 _ 


and hence 


(12) 

(13) 


So 




6*^ dr. 


(14) 


We can therefore use the expression (11) for in an attractive field if we 
replace the lower limits of both integrals by zero. In a repulsive field, how- 
ever, a does have a zero, since V (r) in (3) is now positive. Therefore our 
asymptotic solution (8) remains valid, but we must replace (9) by (13), since 
h has no zero. We thus obtain for Sq in a repulsive field 

So ~ + [ aMr — f 6^ dr, (15) 

Jr, Jo 


The Error in Jeffreys' Approxmatim when V (r) is Zero 

When V (r) is zero the asymptotic form of the solution of (2) which is zero 
at the origin is given by (4), and is 


sin {kr — ^rm). 

Jeffreys’ approximation (9) gives 

4* sin Jtt -f- 1 — df j . 


(16) 


(17) 
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To evaluate this integral consider 

where 

_ n (« + 1) 

* 

* / \ 

and /q is the zero of ^ 1 — > ~ ». 

Integrating (18) by parts, and substituting r ^ sec 0 in the result we find 

that (18) is equal to — s ^ . Multiplying (18) throughout by k we obtain 

A 


L' [(** ~ ~ ^'o == — (n + 1)^. 


and hence for large r 


TT 


df = fo- — Vw (w + 1) 2 
Substituting this value for the integral in (17) we obtain 
~ sin /t — (Vn (n + 1) ^ i) • 

Comparing this with (16) we see that Jeffreys’ value of the angle is greater 
than the exact value bv 


(n + J — A/n(n+ 1) )x. 


(19) 


For all values of n except zero this is very small ; forn = 1 the error amounts 
to 0*13 ; for n — 2 it is only 0*08. 

When w is zero the error would appear to be Jtt. However, as has been 
pointed out in § 2, the approximation (17) breaks down when t?, is zero, and 
we must use in place of (17) the expression (13). This is less than (17) by the 
term Jtt, and hence the error is zero, as would be expected ; for when n is 
zero, b in (13) is constant, and consequently Jeffreys’ solution is exact. 

It should be pointed out that the error discussed in this section is that of 
Jeffreys’ approximate solution of the wave equation (2) when V (r) is zero, 
and not the error in Jeffreys’ approximate expression for the phases. The 
expression (11) for the phases contains two terms, and the error discussed here 
is that in the second term only. The error in the first term of (11) will depend 
upon the form of V (r). We shall see in the next section that the error in the 
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phases, and hence the error in the first term of (11) is sometimes considerably 
greater than the error in the second term, which is given above. 


Comparison of Approximate and Exact Phases 

We have seen that Jeffreys’ approximate expression for the phases in an 
attractive field is 

f oe (■<» 

dr 

where 

„=i.-2§2v(r)-5il^ ,20) 

nr r- 

and 

b ^ 

^2 

and Tq and r\ arc the greatest positive zeros of the respective integrands. For 
the special case of we put Tq = — 0. 

This approximation will be satisfactory provided a does not vary too rapidly 
with r. We have already seen in § 3 that it is quite satisfactory for the term 
involving 6. 

For very small phases, such that sin ~ we may use Born’s approxi- 
mation 

Sn = ^ ^ £ rV [J„+j {kr)f dr. (21) 

This is obtained by Mott* from an approximate solution of the wave eqaation 
(2) on the assumption that the second term in (3) is so small that we may 
neglect any term involving its square. 

Using Hartree’s atomic field for V (r) with a correction applied for polariza- 
tion we have calculated a number of phases in krypton by both Jeffreys’ 
formula (20), and Bom’s formula (21). These are given in Table I together 
with Holtsmark’s exact phases,! calculated from the same field with the same 
polarization correction (Holtsraark’s field No. 2). The phase 8j has been 
omitted for A = 2 since Holtsmark does not give a value for this phase. 

With the exception of Sq we see that the difference between the exact phase 
and Jeffreys’ approximate phase is alwa}^ small, the approximate formula 
always giving a slightly high value. The rather higher difference that occurs 

• ‘ Proo. Csmb. Phil. Soo.,’ vol. 25, p. 804 (1929). 
t • Z. Physik,’ vol. 06, p. 49 (1930). 



Approximate Phases in Electron Scattering 657 

in Sj for A == 1 is possibly due to an error in Holtsmark’s exact phase, for we 
have carefully checked our value. It should be remarked that it is the actual 
difference between the two values that is of importance in judging the success 
of an approximate formula, and not the percentage error in the phase, since 
even multiples of 2:: in any phase have no effect on the formula (1) for the 
scattered intensity. 


Table I — Exact and Approximate Phases for Kr^ton 


it* 

k 


Exact 

volts 

atomic 

unitM 

Phase 

phase 

0 

0 

8o 

12*608 



So 

10*996 



s, 

8*489 

13*54 

1 

8, 

4*368 



8. 

0*226 



8. 

0 107 



s„ 

9*696 



8, 

7*462 

54- 16 

2 

8, 

4*409 



8, 

1*238 



8. 

0*445 



8. 

0*143 




Exact 

Exact 

Jeffreys’ 

Bom's 

phase 

phase 

approx. 

approx. 

minus 

minus 



Jeffreys’ 

Bom’s 



approx. 

approx. 

16*310 


-2 *742 


12*024 


-1*028 


8*781 


-0*292 


4*880 


0*612 


0*286 

0*242 

-0*040 

-0*016 

0*107 

0*107 

0*000 

0*000 

10*612 


-0*916 


7*710 


•0*258 


4*748 


-0*279 


1*410 

0*779 

-0*172 

-f0*469 

0*667 

0*414 

-0*112 

•f0 031 

0*190 

0*144 

-0*047 

-0*001 


The most important feature of this work is that the error in Jeffreys’ approxi* 
mate phase decreases as the order of the phase increases. It has always Ixien 
assumed that Jeffreys’ approximation is only valid for phases of low order, 
having a value greater than unity. Although this may be so for a repulsive 
field,* we see from Table I that it is not true for an attractive field, at any rate 
for a heavy atom such as krypton. For k^l the error in Jeffreys’ phase is 
zero for 84 which has a value of only 0 * 107 . 

Another surprising result is the large error in In order to st>e how this 
error varied with the atomic field we calculated Sq for jfc — 0 for the rare gases, 
krypton, argon, neon, and helium, using the Hartree fieldf in each case. The 
exact phase is an integral multiple of it for each atom. The results are given 
in Table IL 

* Massey and Mohr find that Jeffreys’ approximation gives far too low a value for 
phases less than unity in the collision of two helium atoms with jb 2 {* Proc. Roy. Soc.,’ 
A, vol. 144, p. 188 (1984) ). 

t The Hartree field for the rare gases is given in the following papers : For Kr, Holts- 
mark, * Z, Physik.,’ vol. 66, p. 49 (1930). For Ar, Holtsmark, ‘ Z. Phyeik.,* vol. 65, p. 437 
(1929). For No, Brown, ‘ Phys, Rev.,’ vol. 44, p. 214 (1933). For He, McDougall, ‘ Proc. 
Roy. Soo.,’ A, vol. 130, p. 649 (1932). 
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Table II — 8 q Phases for A; = 0 for the Rare Oases 



Exact 

Jeffreyii’ 

Atom 

phase 

approx, phase 

Kr 


+2*740 

Ar 

3tr 

Sn +1040 

Ne 

2rr 

2tr +0*862 

He 

n 

tr +0*180 


We see that for each gas Jeffreys' approximation gives too high a value, and 
that the error is less the smaller the atomic number of the atom. 

In order to see how the error in^Q varied with k we calculated Sq by Jeffreys’ 
formula for each value of k for which Holtsmark give-s exact phases in krypton. 
These results are given in Table III and fig. 1. 


Table III — Exact and Approximate Values of in Krypton 


k 

atomic unitB 

Exact 

value 

Jeff 1*0 ys’ 
approx. 

Difference 

0 

12*568 

16*310 

2*742 

0*1 

12*709 

14*418 

1*709 

0*2 

12*697 

13*956 

1*369 

0*5 

11*976 

13*060 

1 *076 

0*7 

11*636 

12*620 

1084 

1-0 

10*996 

12*024 

1*028 

2*0 

9*696 

10*612 

0*916 



4 m atomic units 

Fig. 1 — Jeffreys’ value (i) and exact value (ii) of 8f, in krypton. Showing variation of the 
eiTor (iii) with Ar. 

We see from fig. 1 that as k increases the error in So decreases rapidly at 
first and then becomes nearly constant. Over the range from 4 = 0-6 to 
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A: =« 2 *0 the error curve is a straight line, and consequently it would probably 
be justifiable to extrapolate linearly to obtain the correction for for higher 
values of h 

The relatively large error in compared with the other phases is readily 
explained if we remember that Jeffreys' approximation is deduced on the 
assiunption that 

nr r* 

varies only slowly with r. Now in an attractive field V is negative and varies 
inversely with some power of r. The rate of variation of a will thus depend 
mainly upon the rate of variation of the potential field, and this rate decreases 
as r increases. We see from equation (20) tliat we are only concerned with the 
potential field beyond the zero of a. Now this zero Tq is greater the greater 
the value of n, and consequently the rate of variation in the effective portion 
of the potential field is less the greater the value of n. This explains why the 
error in Jeffreys' approximation decreases as tfie order of the phase increases. 

For the zero order phase we must integrates right into r ^ 0, where the 
variation in the potential field is very great, and consequently we must expect 
a much greater error in Bq than in the phases of higher order. 

Also since the rate of variation in the potential field near r = 0 is less for 
lighter atoms we should expect the error in to decrease with the atomic 
number of the atom, as is shown to occur in Table 11. 

Since V is positive in a repulsive field the second and third terms in a have 
the same sign and consequently the variation in the third term w ill increase 
the total rate of variation of a with r instead of decreasing it as in an attractive 
field. This may cause the error in the phase to increase with the order in a 
repulsive field. Also aince a has a zero in a repulsive field, even for w — 0, 
the error in the zero order phase should not be so large as it is in an attractive 
field. 

Referring to formula (1) for the scattered intensity we see that it is the phase 
whose value is most nearly equal to that mainly determines the form of the 
scattering curve, and therefore the error in Bq should not be very serious pro- 
vided So is large (say, greater than 27r). The error, however, would be very 
serious if Sq was of the order of and would entirely change the shape of the 
angular scattering curve. This might occur for a high value of k and a heavy 
atom. It would then be necessary to find Sp by numerical integration of 
equation (2). The other phases could, of course, be determined by the approxi- 
mate methods of Jeffreys and Born. 
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As regards Bom’s approximation we see that this gives a satisfactory value 
for all phases less than about 0-6, and that for phases below this value Bom’a 
approximation is a little better than Jeffreys’, the error in either approxi- 
mation being for most purposes negligible. 

In the calculation of phases it has been customary to use Jeffreys’ approxi- 
mation for phases greater than unity, and Bom’s apprCximation for the phases 
less than 0*5 or 0 - 2 , the intermediate phases being then obtained by inter- 
polation on a phase-order diagram. In this procedure the error in the phases 
obtained by interpolation may sometimes be quite large owing to the very 
rapid change in slope of the phase-order curve in the region between 1*0 and 
0 * 2 . 

The results given in Table I show that this procedure is unnecessary, since* 
Jeffreys’ approximation may be used for phases down to quite small values, 
the error actually decreasing as the value of the phase decreases. 


Angular DiMribtdion Curve for l2l-voh Electrons in Krypton 

Using the Hartreo field with the polarization correction given by Holtsmark 
we have calculated the phases for i = 3 , corresponding to an energy of 121 ’6 
volts, and used these in equation (1) to determine the angular distribution of 
electrons of this energy scattered in krypton. The phases are given in Table 
IV, and the scattered intensity* in atomic units in Table V. The phases Sq, 
to 84 were calculated by Jeffreys’ method, and 85 and 8^ were obtained from 
Born’s approximation. 

Table IV— Phases for A = 3 for Krypton 

^0 ^8 ^8 ^4 ^8 

9'824 7 003 4'4U 1-830 0-980 0-400 0-302 


Table V — Scattered Intensity I ( 0 ) in Atomic Units for 121-volt Electrons 

in Krypton 


r 

0 

10 

20 

30 40 

50 

60 

70 

80 

90 

1 19) .. 

.. 75-21 

55-70 

22-18 

3-35 0*608 1 

•57 

2-13 

2-00 

0-749 

COOT 


100 

110 

120 

130 140 


150 

160 

170 

180 

1 ( 9 ) 

.. 0-293 

0*721 

0-335 

0-218 0-122 


0-009 

0*676 

2*66 

3*83 


^ The scattered intensity I (0) is defined thus. If a beam of electrons passes through a 
gas containing N atoms per unit volume, then NI (0) is the proportion of the beam elastically 
soattored in the direction 6 per unit solid angle, and per unit length of the beam. I (6> 
has the dimensions of an area. 
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In fig, 2 is given the theoretical curve with Amot’s experimental points'*' 
for 121-volt electrons fitted to it. The agreement is seen to be extremely 
good. 

In conclusion, we wish to express our thanks to Dr. C. B. 0. Mohr for advice 
in the calculation of the phases. One of us (G. 0* B.) wishes to thank the 
Carnegie Trust for the Universities of Scotland for a Besearch Scholarship, 



Fm. 2 — Theoretical curve and experimental points for the scattering of 121-volt electrons 
in krypton. 


Summary 

A disouaBioQ of Jefireys’ approximate expression for the value of phases is 
given. It is shown that in the special case of the zero order phase Jeffreys’ 
expression is greater for a repulsive field than for an attractive field by the 
term 

A number of phases in krypton have been calculated by Jeffreys’ and Bom’s 
approximate expressions, and these are compared with Holtsmark’s exact 
values. The error in Jeffreys’ phase is found to decrease as the order of the 

• • ftoo. Roy. Soo.,’ A, vol 133, p. 613 (1831). 
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phase increases, and is small for all phases except that of zero order. The 
large error found in the zero order phase is shown to decrease with decrease in 
the atomic number of the atom, and with increase in energy. The cause of 
this error is discussed, and it is pointed out that the error is not likely to affect 
seriously the form of the angular distribution curve provided the phase is 
itself large. Bom's approximation is found to be satisfactory for phases 
having a value less than 0-5, 

A theoretical angular distribution curve is calculated for 121-volt electrons 
scattered in krypton, and very good agreement is obtained between this and 
Arnot's experimental curve. 


The Scattering of Electrons in Bromine Vapour 

By F, L. Arnot, Ph.D,, Lecturer in Natural Philosophy, and 
J. C. McLauchlan, M.A., The University, St. Andrews 

(Communicated by H. S, Allen, F.R.S. — ^Received April 18, 1934) 

Introduction 

The angular distribution of the electrons scattered elastically from a primary 
beam in passing tlurough the vapours of halogens and their compounds has 
recently been measured by one of us.**‘ Diffraction maxima and minima were 
found in all the curves ; and although the scattering was produced by molecules 
the form of each curve was similar to those previously obtained by the author 
for the adjacent monatomic rare gases. 

We have now calculated theoretical curves for the same energies for which 
experimental curves were obtained in diatomic bromine. These results are 
given in the present paper, and a comparison is made between the theoretical 
and experimental scattering curves. 

Elastic Scattering by Atoms 

The elastic scattering of electrons by a spherically symmetrical field is 
given by 

I. ( 6 ) “ ^ l^S ^(2n + 1 ) [«*•« - 1 ] P„ (008 6 ) |*. ( 1 ) 

♦ Amot, * Proo, Roy. Soo.,* A, voi, 144, p. 360 (1984), 
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where (6) is the scattered intensity at an angle 6 and 

k = 271 fX = (STr^mE/A®)^ 


X being the wave-length and E the energy of the incident electrons. 

The phases 8^ in (1) are given to a sufficiently close approximation {p. 651) 
by Jeffreys' formula 




( 2 ) 


where and t'q are the zeros of the respective integrands except in the special 
case of Sqj for which we set Tq — 0 and V (r) is the potential energy of the 

incident electron in the field of the scattering atom. 

For phases having a value less than 0*6 a slightly more accurate value is 
given by Born's approximation 

j“ ’'V [J„+, (hr)f dr. (3) 


Elastic ScAxtiemig by Molecules 

The theory of the elastic scattering of electrons by molecules is far more 
complicated than for atomic scattering since the molecular field is not spheri- 
cally symmetrical, and also because the wave equation for the motion of an 
electron in the field of the molecule is not separable as in atomic fields, unless 
a very much simplified molecular field is used, such as has been adopted by 
Stier.* Stier's method, however, is only applicable to very slow electrons 
(below about 10 volts). 

For very fast electrons we may use Born's approximation for the scattered 
intensity ; and for an axially symmetrical molecule which has no permanent 
dipole moment, such as diatomic bromine, we may assume the axis of the 
molecule to be orientated at random, and so average the scattering over all 
orientations to obtain the experimental conditions. It can be shownf that 
the scattered intensity for a homonuclear diatomic molecule is given approxi- 
mately by 

i«(e) = 2i,(0)[i+^]. (4) 

where 1. (6) is the scattered intensity for a single free atom obtained from 
Bom’s approximation. This expression neglects the effect of the binding 

• ‘ Z. Physik,’ vol. 76, p. 439 (1932). 

t Massey and Bullard, ‘ Froo. Camb. Phil. Boo.,’ vol. 29, p. 611 (1933). 

3 A 2 
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between the two atoms, but it has been shown that this is quite small for 
hydrogen* and nitrogen,! 

The term 

, , sina: 

I , 

X 

where 

X — 2kd sin J6, 

d being the equilibrium distance between the two nuclei, represents the inter- 
ference between the waves scattered separately from the two atoms forming 
the molecule. For Br^, d==2*28A = 4-3 atomic units. J 
For electrons with energy less than a few thousand volts Bom’s approxi- 
mation for Ifl (6) breaks down for large angle scattering in bromine. How- 
ever, (4) might prove fairly satisfactory if we use Faxen and Holtsmark’s 
exact expression (1) for (6) in place of Born^s formula. Massey and Bullard 
using Hund’e§ molecular field for V (r) in the calculation of the phases, find 
that this gives satsfactory results for nitrogen. 

In the following calculations for bromine we have used the expression (4), 
determining 1^ (0) from (1), and using for V (r) in (2) and (S) an approximate 
Hartree atomic field for bromine calculated from Hartree^s results for rubidium. 


The Hartree Atomic Field for Bromine 

Before we can evaluate the phases we must determine the atomic field. 
The most accurate value of V (r) is obtained by the self-consistent field method 
of Hartree. II Using Hartree’s atomic units we have 

where Z, is the effective nuclear charge for potential This is related to the 

effective nuclear charge Z by 

Z,(r) «=-rr^dr. (6) 

Jr r 

However, in the actual calculation of from Z this equation does not prove 

* Massey and Bullard, ‘ Proc. Camb. Phil. Soo.J vol. 29, p. 611 (1933). 
t Massey and Mohr, ‘ Proo. Roy. Soo.,’ A, roL 136, p. 268 (1932). 

X Wierl, ‘ Ann. Physik,’ vol. 8, p. 621 (1931), 

§ ‘ Z. Physik,’ vol. 77, p. 12 (1932). 

II * Proc. Camb. Phil, Soo./ vol, 24, p. 89 (1927). 
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to be numerically satisfactory. We have consequently used the following 
modified form of (6) kindly supplied by Professor Hartree, 

Z, = N-fjj2^dr. (6) 

where N is the value of Z for r = 0, i.e., the atomic number. 

The field for bromine was calculated from the Hartree field for singly ionized 
rubidium.* The contributions to Z for bromine from the difierent atomic 
Bub-shells were determined from the contributions from corresponding sub- 
shells to Z for ionized rubidium by expanding the linear scale in the ratio 

N (Rb+) - « 

N (Br) - s ’ 

where N is the atomic number and s a screening constant which varies for the 
different sub-shells. 

For the outermost incomplete sub-shell the following correction was 
applied. It is known that 

^Z (Cl, r)~Z(K+ fr) 

where Z (Cl, r) is the contribution to Z at radius r from the outermost sub- 
shell of the chlorine atom, and Z (K+, r) is the corresponding quantity for K+. 
Therefore 

^Z(C1, f)-^Z(K^ fr) 

was plotted against 

Z(K+ |f) 

so giving a correction graph for the calculation of Z (Cl, r) from Z (K+, fr). 
The correction for bromine was then obtained from this graph by assuming 
that |Z (Br, r) — * Z (Rb-^, ar) was the same function of Z (Rb+, car) where a 
is a constant. 

The contributions to Z from the various sub-shells are given in Table 1 
together with the total effective nuclear charge Z, and the effective nuclear 
charge for potential Z,, calculated from Z by (6). 

Professor Hartree informs us that the error in the contributions to Z from 
each sub-shell from Is® to 3p* should be less than 0*06 for all values of r. The 
error in the contributions from the and 4s® groups may be a little greater, 
but not more than 0-1 ; whereas for the outermost 4j0® group the error may 
possibly be as much as 0*3 in places. 

* The method and data were kindly supplied by Professor D. R. Hartree, F.R.S. 
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Table I — Contributions to Z, Total Z and Z, for the Bromine Atom 


r 

lf»* 

26* 

2p* 

3 tf * 

3 j )* 

3 eP * 

4<* 

4^* 

z 

Zp 

0-000 

200 

2-00 

6-00 

2 00 

6-00 

10-00 

2-00 

6*00 

36-00 

36*00 

0-006 

1-99 

2-00 

6*00 

2-00 

6-00 

10-00 

2-00 

6-00 

34*99 

34*13 

0-010 

1*94 

1-99 

6 00 

2-00 

6*00 

10-00 

2-00 

6*00 

34-93 

33-29 

0-016 

1*82 

1-98 

6*00 

2*00 

6-00 

10-00 

2*00 

6-00 

34-80 

32-60 

0-020 

1*68 

1-97 

6-00 

1*99 

6-00 

10*00 

2*00 

6-00 

34-64 

31-76 

0-026 

1*60 

1*96 

6-00 

1-99 

6-00 

10*00 

2*00 

6-00 

84-44 

31-06 

0*030 

1*31 

1-94 

6*99 

1-99 

6-00 

10-00 

2-00 

6-00 

34-23 

30-40 

0*036 

M 3 

1-93 

6-97 

1-99 

6-00 

10*00 

2-00 

5-00 

34-02 

29-78 

0-040 

0*96 

1-92 

6-96 

1*99 

6*99 

10*00 

2-00 

6-00 

33*81 

29-19 

0*05 

0*67 

1*92 

6-87 

1-99 

6*98 

10*00 

2*00 

6-00 

33-43 

28*06 

0*06 

0*44 

1-92 

6-76 

1*99 

6-96 

10-00 

2*00 

6-00 

33-07 

27-06 

0-07 

0*29 

1*92 

6-69 

1-98 

6*93 

10*00 

2-00 

6*00 

32*71 

26-07 

0*08 

0-18 

1-90 

6-38 

1-98 

6-91 

10*00 

2-00 

6-00 

32-35 

25-16 

0-09 

0*lls 

1-88 

6-12 

1*98 

6*88 

0*99 

2-00 

4-99 

31*96 

24-29 

010 

0*07 

1-84 

4-82 

1-98 

5*84 

9*99 

2-00 

4-99 

31*33 

23-46 

0*12 

0-02 

1-71 

4*18 

1-96 

6*77 

9*98 

2-00 

4*99 

30-60 

21*93 

0*14 

0*01 

1*62 

3-60 

1*62 

6-71 

9*96 

1-99 

4*98 

29*68 

20-67 

0*16 


1-30 

2*84 

1*90 

6*67 

9*91 

1-99 

4-98 

28-69 

19-86 

0*18 


1*07 

2-27 

1*89 

6-66 

9*84 

1*99 

4-97 

27-68 

18-26 

0’20 


0-86 

1*76 

1*88 

6*64 

9-74 

1-99 

4-97 

26-84 

17-25 

0-26 


0-45 

0-86 

1-87 

6*62 

9-36 

1-99 

4-97 

26*10 

16-07 

0-30 


0-20 

0*38 

1-85 

6*63 

8-82 

1-98 

4*97 

23-73 

18-22 

0-36 


0-09 

0*16 

1-78 

6*26 

8*12 

1*98 

4-97 

22-36 

11-58 

0-40 


0*08, 

0*06 

1*66 

4-83 

7-32 

1*96 

4*96 

20*81 

10*16 

0-46 


0-01, 

0-02, 

1-46 

4-28 

6*47 

1*94 

4-93 

19*12 

8-93 

0*60 


0-00, 

0*01 

1*25 

3-68 

6-66 

1-92 

4*90 

17-42 

7*89 

0*6 




0*82 

2*64 

4*12 

1*89 

4*85 

14*22 

6*31 

0*7 




0*60 

1*62 

2-90 

1-88 

4*84 

11-74 

6-21 

0*8 




0*28 

0-98 

2-00 

1*88 

4*82 

9*96 

4*41 

0-9 




0-15 

0*66 

1*32 

1*87 

4-82 

8*71 

3*82 

1*0 




0-07 

0*30 

0*87 

1-84 

4*80 

7-88 

8*83 

1*2 




0-02 

0-08 

0-36 

1*66 

4-78 

6-90 

2*69 

1-4 





0*02 

0*14 

1*39 

4-38 

6-93 

2*00 

1*0 






0-06 

1-09 

3*98 

5-12 

1*63 

1-8 






0-02 

0-82 

3-48 

4-32 

M 4 

2-0 






0*01 

0*69 

3-02 

3-62 

0*86 

2-2 







0*41 

2-67 

2-98 

0*62 

2-4 







0*28 

. 2*15 

2*43 

0*44 

2*6 







0-18 

1-76 

1*94 

0*30 

2-8 







0-12 

1-43 

1*66 

0-20 

3-0 







0*08 

1-16 

1-24 

0*11 

3-6 







0*02, 

0-66 

0*69 

0*03 

4-0 







0*01 

0-37 

0-38 

0-00 

4-6 








0*20 

0*20 


6-0 








0-11 

0-11 


6*6 








0-04 

0-04 


6-0 








0-02 

0-02 


6*5 








0-01 

0-01 



ReauUa 


The phases Sg to S, were calculated by Jeffreys’ method from (2) and 
to Sg were determined from Bom’s formula (3). These are given in Table 11 
and fig. 1. In the calculation of the scattering we have used Jeffte 3 rs’ value 
for 8| for each value of k. 
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Table II — ^Phases for Bromine 


k 

Volts . 





105 

1*74 

2*43 

* 3*00 

5*00 

15 

41 

80 

121 

339 

11*05 

10*20 

9*58 

9*15 

8*06 

7*76 

7*23 

8*75 

6*44 

5*51 

3*66 

3*94 

3*89 

3*81 

3*65 

0 035 

0*535 

1*06 

1*24 

1*72 

0*040 

0*302 

0*607 

0*810 

M8 


0*092 

0*290 

0*452 

0*792 


0*024 

0*129 

0*244 

0*557 




0*127 

0*380 



Tbe scattered intensity for the atom was then determined from (1) and that 
for the molecule from (4). These results ore given in atomic units in Table III. 

In order to illustrate the nature of the interference factor + -*— ) 

values of (0) for the atom have been tabulated together with tiie inter- 
ference factor, instead of the final result for the molecule which is obtained 
simply by multiplying the two together and the result by two. 

The interference factor falls from its maximum value of 2 *0 at zero angle to a 
miniTifiiim of 0 '783, rises again to a naaximum of 1 '128, after which it osdllates 
about unity with slowly decreasing amplitude. The factor will therefore have 
its main effect on the scattering over the angular range between its initial 
value of 2'0 and its fimt minimum. For i = 1 ’05 this range is from 0® to 
60®, while for i *= 6 it is only from 0° to 12®. 
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The small effect of the interference factor at greater angles is seen from figs. 
2 and 3, where the continuous curve represents the theoretical angular dis- 
tribution curve for the molecule, and the broken curve is that for two separate 
atoms scattering independently. It will be seen that the two curves are 
practically coincident at large angles. 

The small circles in figs. 2 and 3 are the experimental points taken from a 
previous paper.* These have been fitted to the theoretical curve for the 
molecule at 90® in the 15- and 41-volt curves, and at 120® in the 80- and 121-volt 
curves, the fitting factor for the last two curves being the same. As no experi- 
mental results were obtained for 339-volt electrons (A: == 6 ), this curve has not 
been included in the figures. 

In view of the approximate nature of the expression (4) the agreement 
between theory and experiment is really quite satisfactory. The forms of the 
theoretical and experimental curves agree for all energies, the positions of the 
maxima and minima in both occurring at approximately the same angle. The 
chief discrepancy occurs in the magnitude of the first maximum. This is 
probably caused by neglecting the effect of the binding between the two 
atoms. 

In the 15-volt and 41-volt curves we see that the theory predicts too much 
scattering at small angles. This discrepancy would be decreased, if not 
entirely removed, if the molecular field were used, for this is less than the 
atomic field at large distances, and it is the outer field of the molecule which is 
mainly responsible for the small angle scattering. As would be expected the 
agreement progressively improves as the energy is increased. This is due to 
the fact that as k increases the outer field of the molecule has progressively 
less effect on the scattering, and so the error caused by using the atomic field 
in place of the molecular field becomes less. Since the scattering of 15-volt 
electrons, even at large angles, is caused by the outer field of the molecule it is 
surprising that the agreement for this energy is as good as it is, especially in 
view of the marked change in the shape of the curve at this energy. 

The reason for the change in shape of the curve from the form | P 3 |* to 
I Vi 1® between 41 volts and 15 volts is evident from Table II, for we see that 
above 41 volts the phase having a value most nearly equal to is S 3 ; 
while at 15 volts 8 i'-^ 27 r + and since S^ is close to tc the form* of the curve 
at 15 volts will be that of the harmonic | |®. 

It is unfortunately not possible to find in these results any very definite 
evidence for the interference of the waves scattered by the two atoms, for in 
* Amot, ‘ Proo. Roy. Soc./ A, voL 144, p. 830 (1934). 
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the higher energy curves the interference fector has a marked effect only at 
very small angles where no experimental results have been obtained, and for the 
lower energy curves, in which the effect of the interference &ctor extends to 
larger angles, the agreement is not good enough to enable one to decide 



Fio. 3— Theoretical curves and experixnenta] points for bromine. Continuous curve 
represents scattered intensity for the diatomic molecule. Broken curve is for the 
atom, k «= 1"05 «= 14 volts. 



Eto. 4 — ^Theoretical curves for 121- volt electrons. atomic bromine. 

krypton. 


definitely between the two curves. However, it will be seen that wherever 
the factor is in evidence, it is in the right direction to improve the agreement. 

In fig. 4 are given two theoretical curves for 121-volt electrons (k = 3). 
The continuous curve is for atomic bromine, and the broken curve is for krypton 




672 


H. de Xjaszio 


taken from the previous paper by Amot and Baines. It will be seen that the 
curves are very similar as would be expected since the bromine and krj^ton 
atoms differ only in the structure of the outer shell which has but little effect 
on the scattering of electrons of this energy. The same similarity is found in 
the experimental scattering curves for atoms occupying adjacent positions in 
the Periodic Table. 


Summary 

Theoretical angular distribution curves for elastically scattered electrons 
of various energies from 16 volts to 339 volts are given for bromine. These are 
compared with the experimental results of Amot, and satisfactory agreement 
is obtained. Phases for various energies and an approximate Hartree atomic 
field for bromine are also given. 


Molecular Structure as Determined by a new Electron Diffraction 
Method. I — ExperirnetUal 

By Henry de Laszlo, M.A., Ph.D. (The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry, and Imperial Chemical Industries, 
Ltd., University College, London) 

(Communicated by F. G. Donnan, F.R.S. — Received April 27, 1934) 
Introduction and Theory 

In this and the following paper a method will be described* of obtaining 
good high order interference photographs of electron beams scattered by the 
vapour of any stable substance, organic or inorganic, whose vapour pressure 
exceeds 10 cm at 1000° C, as well as an interpretation of the results achieved 
with this improved technique, using a simplified method of calculation. The 
apparatus has been so developed that it is now as easy to obtain electron 
interference patterns of vapours as it is to make measurements of the Raman 
effect, dipole moment, infra-red and ultra-violet absorption spectra; the 
results enable us to clear up a number of doubts that still exist concerning the 
spatial structure of certain compounds. 

* de Lawlo, ‘Nature,* vol. 131, p. 803, June 3 (1933). 
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Debye and Ehxenfest* showed theoretically that if a beam of monochromatio 
X-rays was passed through a gas consisting of randomly orientated polyatomic 
molecules with fixed interatomic distances, then an interference effect might 
bo expected. Later Debyef worked out the general case for a molecule con- 
taining atoms each having a scattering factor F, He averaged in 

every orientation, and since the coherent scattered intensity J is a function of 
tlio scattering angle 6, he then showed that 


in which 


J(O) 

1 1 ar<_, 


. , sin 0/2 


( 1 ) 

( 2 ) 


X being the wave-length of the incident radiation ; for electrons X may be 
calculated by de Broglie’sJ formula from their velocity V in volts after a small 
relativity correction has been applied according to the equation : — 





1 

(1 + 4-91 X 10“’ V) 


. 10-^ cm, 


( 3 ) 


is the distance in A between atoms i and and jfc is a constant for the 
given experimental conditions. 

Mark and Wierl§ liave shown that Debye’s formula may also be applied 
to the case when a beam of monochromatic electrons is used instead of X-rays 
with the following modifications. Mott!| and Bethe’s^ theoretical work on the 
coherent scattering of electrons by monatomic gases gives us a modified 
Rutherford scattering formula for use with electrons. Thus the X-ray 
scattering factors and for the atoms i and jf must be replaced by electron- 
scattering factors and by means of their formula 




^' sin 6/2 j^ ^ sin 0/2 J ^ 


( 4 ) 


where Z is the atomic number and F the atomic scattering factor for the atom i. 


* * Ann. Physik/ voL 46, p. 809 (1916) ; ‘ Proc. K. Akod. Wet. Amst,,* 
vo). 28, p, 1132 (1916). 

t ‘ Phys. Z.: vol 31, p. 419 (1930). 
t ‘ Ann. Physique,’ vol. 3, p. 22 (1926). 

§ ‘ Z. Physik,’ vol 60, p. 141 (1930). 

II ‘ Pmo. Camb. Phil. Soc./ vol. 25, p. 304 (1929), 

H ‘ Ann. Physik,’ vol 87. p. 66 (1928) ; vol. 6, p. 326 (1980). 
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Values of F for any element have been calculated by Pauling and Sherman’*^ 
from the electron distributions corresponding to Schrodinger’s Eigen- 
functionen for hydrogen like atoms. 

To the above “ coherent ” scattering of the electrons should also be added 
the ** incoherent ” scattering factor S by the atoms i-j-n in the molecule as a 
function of (sin 6/2)/ X. 

This incoherent scattering was first calculated by Heisenbergf and later 
put into a simple form by Ferniit for any element of atomic number Z. 

sin 6/2 _ V . 3\/Z^ .gv 

X ““471X0*176' 

where v has the values calculated by BewiIogua.§ 


ExperimenUil 

Since the apparatus had to be built up ab initio^ it was thought best to make 
it as simple and universal as possible so that not only vapours but also the 
intimate, surface stnicture of solid matter could be conveniently examined. 
It is shown in section in fig. 1. It can l>e divided into two distinct parts, the 
camera, and the diffraction chamber proper. 

Considerable difficulty was experienced in obtaining pore'-free castings for 
the camera and various alloys were investigated. Eventually PMG metal was 
found to be suitable, doubtless owing to its very fine grain structure and its 
high fluidity at the casting temperature. All movable connections in the 
high vacuum side of the apparatus were made with 1/10 taper ground joints. 
We have never found a leak taking place at such joints and with the aid of a 
set of high-speed 1/10 taper reamers they are easy to make and standardize. 

Since we were primarily interested in the examination of vapours, it was 
decided to use a gas discharge tube rather than a hot cathode as a source of 
electrons. With the latter the vapours of volatile substances diffused through 
the electron beam jets into the discharge tube proper, spoiling the necessary 
high vacuum and thus giving rise to irregularities in electron emission, and 
hence to variations in voltage. The vapours usually poisoned the electron 
emitter which had, therefore, to be frequently changed. For work on metal 

♦ ‘ Z. Kristailog.,’ voL 81, p. 1 (1932). 
t ‘ Phy. Z.,’ vol. 32, p. 737 (1931). 
t ‘ Leipziger Vortrilge,’ p. 96 (1928), 

§ Phy«. Z,,’ voL 32, p. 741 (1931). 
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Yiq, 3 Fio. 2 

Fiat. 1, 2, tad 3~^tiona] view of complete eleotron diffraction apparatiu with enlarged 

drawing of Tupourizew, 
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films and crystal structure, however, the hot cathode is preferable since all 
the variable electrical factors are xmder control. Thomson*** has shown that 
even with a source of high voltage with as bad a characteristic as that pro- 
duced by an induction coil, the gas discharge tube gives an electron beam of 
surprising constancy. We have been able to substantiate this claim in count- 
less experiments, t and have proved it by the fineness of the diffraction images 
obtained with mica. 

Various types of discharge tul)e were tried out. Pyrex glass was used at 
first, but at high potentials sparking took place near the cathode, owing to 
electrolysis having taken place in the glass itself under the big potential differ- 
ence, leading to slight decomposition and devitrification, with resulting loss 
in dielectric strength and ultimate breakdown. Quartz glass was found to be 
free from these objections, and by narrowing down the 20-cm long discharge 
tube to about 16 mm internal diameter, we obtained very constant and highly 
concentrated pencils of cathode rays. 

Various metals were used as the cathode, and “ electron metal ’’ was chosen 
for general use. This is a 97% magnesium alloy and hence splutters rather 
less than aluminium. It is easily worked in the lathe and takes a high polish. 
A rod of ‘‘ electron is turned down to a 1/10 taper and ground into the quartz 
tube. The actual cathode surface is turned off at right angles to the 
axis of the discharge tube and polished with household metal polish. The 
cathode, A, is cemented into the tube with “ picein which, however, is 
only allowed to flow round the top half of the joint. The cathode is cooled 
by screwing on to it a spherical aluminium spinning, B, which also increases 
the concentration of the electron beam, owing perhaps to the focussing action 
of the electrostatic field between the charged curved surface and the rest of the 
apparatus. A berylliumj cathode was tried and was satisfactory as regards 
spluttering, but only lasted twice as long as magnesium. However, when it 
had to be turned down and re-polished, it was found to be too hard and brittle 
to work. After about 6 hours of use the cathode is removed, re-faoed and 
polished. The quartz tube is cleaned with fuming nitric acid and heated to 
redness before re-inserting the cathode. While heating these quartz tubes to 
just below red heat a curious greenish-blue fluorescence is observed even in 
daylight, which lasts for several seconds. It appears to travel up the tube 
with the heating flame and may be due to thermal activation of magnesium 

* The Wave Meohanios of Free Eleotrons/* Oxford Univ. Press. 

t de Laazlo and Ooslctt, * Nature,’ vol. 130, p. 69 (July 9, 1932). 

t Kindly presented by H. A Sloman, M.A, of the N.F.L., Teddington. 
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vapour that has been spluttered on to the interior of the discharge tube. 
The discharge was first tried in hydrogen > but the result was no better than 
in air and was therefore abandoned. Dry, filtered air is allowed to leak in 
through the Leybold valve, C. By varying the applied voltage and the pressure 
in the discharge tube by adjustment of the valve (the rate of pumping 
remaining constant), an electron beam of any desired voltage between 20 
and 60 kv can easily ha obtained. The pressure in the discharge tube 
for the formation of a concentrated electron beam was measured and 
found to be very critical; it lies between !•() and 1*3 x 10"^ mm. For a 
good spot it is best to run the tube as hard as possible consistent with the 
required voltage. 

The bottom of the discharge tube is made in the form of a ground joint, 
D, which fits into the water-cooled sleeve, E. A thin layer of Apiezoii grease, 
or “ Selloseal is used on the top half of the joint. All parts must be accurately 
aligned in order that the electron beam may pass down the axis of tin*, dis- 
charge tube. To achieve this the latter is gripped in a lathe chuck by the 
cathode, A, and is softened a little with an oxy-bydrogen flame whilst rotating 
slowly, until the joint, D, is co-axial with A. The electron beam strikes a 
platinum-iridium plate, F, which is hard sold{?red to the jet, 6. This alloy is 
used owing to its resistance to heat and corrosive vapours. The jet is ground into 
a very accurately turned cylinder of brass, H, which fits into I, with not more 
than 1 /lOO mm play. A hole of 0 • 3 mm diamet^^r is drilled centrally through F. 
The beam emerges through a similar jet, J, where the diaphragm is 0*12 mm 
diameter and 0*2 ram long followed by a hole 0*8 mm long and ()*I4 mm dia- 
meter. This particularly long canal cuts off electrons and soft X-rays scattered 
from the edge of the smaller hole which would otherwise tend to fog the plate. 
Watchmaker’s drills were used for this work, tallow being the lubricant. The 
electron beam may be finally adjusted with the aid of a small bar magnet 
fixed to a universal joint outside D. H has only a very thin layer of grease 
on it and is water cooled. The discharge tube is thus only connected to the 
camera via the two holes, F and J, and is evacuated separately at K by a three- 
stage quartz Volmer diffusion pump. The size of the electron spot is somewhat 
less than 0‘6 mm. 

After leaving J the beam either impinges on the gas or surface which is being 
investigated. A tapered brass fitting, L, is ground into the water-cooled joint, 
M. Any form of vaporizing apparatus, N, or specimen holder, affixed to this 
joint may be introduced into the diffraction chamber. In order to get good 
centring N is usually arranged off the axis of L so that the rotation of L gives 
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a small translational motion to N. It is of the greatest importance that the 
beam should pass as nearly as possible down the axis of the vaporizing nozzle, as 
otherwise poor photographs will be obtained. To achieve this, the whole of 
the diffraction chamber is taken off the camera, a source of light is substituted 
for A, and N adjusted by rotation until the spot of light appears to be in the 
centre of the vaporizing nozzle. The camera and diffraction chamber are 
evacuated through a ground joint, O, connected by a piece of flexible Tombac 
tubing to a large Lyebold three-stage steel diffusion pump via a liquid air 
trap. Tubes of different length, P, may be inserted between the diffracting 
chamber and the camera to provide varying distances between the diffracting 
centre and the photographic plate. The interference pattern is observed 
through a window, Q, on a luminescent screen, R, attached to the lid of the 
plate box. Zinc silicate, though brilliantly fluorescent, shows no after-glow 
and has therefore been chosen for the screen. As soon as a pattern appears 
on the screen the electron beam is cut off by switching on an electromagnet, 8. 
The lid, R, of the plate box is opened by turning a ground joint, T, and the 
exposure is made by short-circuiting the magnet through a time switch. Any 
exposure up to 6 ± 0*1 seconds may be made in this way. The lid is then 
closed. 

The plate box is made of aluminium and can contain various types of plate 
or film holders. For plates, a triangular holder, X (9 X 12 cm), or a hexagonal 
one (for 6 x 12 cm) is in use. After exposure the holder is rotated by a second 
ground joint, U, until a new plate comes into position. Recently we have 
been using Ilford X-ray film which is stretched over a cylinder of inches 
diameter, A diaphragm with a 2 X 12 cm slit out in it only permits a strip 
of film to be exposed at a time. By rotating the film by the ground joint U 
about 15 exposures may be taken on the same film strip, one beneath the other, 
at varying voltages and times of exposure. The plate box has a light-tight 
cover on the side which is taken off in the dark room to remove the plate or 
film holders for development. The side of the camera is closed by a thick 
brass disc, V, which has been ground on the inner side on to a similar flat 
machined flange which is an integral part of the camera casting, A special 
gas-freed rubber gasket, W, is placed between the two flat surfaces and 
furnishes a vacuum-tight joint. The rubber and metal surface must be kept 
very clean. The rubber is occasionally washed with a 6% solution of 
Apiezon oil in benzol which renders the surface slightly tacky. 
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Va 2 >orizers 

Wierl* was the first who attempted to obtain electron diffraction photographs 
of a substance which required heating in order to give a sufficiently high vapour 
pressure. His experiments were conducted on carbon tetrabromide. He found 
narrow, clearly defined rings on his plates, which indicated that diffraction 
must have taken place on the random orientated, spontaneously formed, 
polycrystalline mist that had condensed out of the jet of vapour. He tried 
many modifications, none of which were any more successful 

Since this was one of the primary objects of the investigation, much time 
was spent in arriving at a solution. The first experiments were all made on 
ovens of the direct ’’ type, i.e,, ovens in which the substance is heated in a 
sealed container with only one fine orifice or jet from which the vapour issues 
straight into the evacuated space surrounding it. Various difficulties were 
met and overcome in turn. 

I — The interior of the oven must at times be accessible, firstly for filling 
with the desired substance, and secondly for cleaning at the end of an experi- 
ment. During the experiment, however, the oven must be hermetically sealed 
except for the orifice through which the vapour emerges. It was found best to 
arrange for the orifice to be contained in a solid head or nozzle which could be 
easily attached to the body of the oven by one of two methods : (a) a fine screw 
thread, S, which was rendered gas-tight by a washer of some soft metal with a 
coefficient of expansion slightly greater than the substance of which the head 
and body were made. In our work, see fig. 2, pure gold washers, G, were 
used with a silver head and oven. (6) The head may be attached to the oven 
by a 1/10 taper ground joint which has been well lapped in. In this case we 
must choose a material for the head with a coefficient of expansion that is 
preferably the same or slightly greater than that of the oven. 

In both these methods the joint remains gas-tight while the temperature of 
the oven rises. 

H — Electric heating was used for all types of oven. External heating as 
in fig. 2 was the best for temperatures up to 500® C. A thin wash of “ Crolite ” 
cement is painted onto a single layer of thin asbestos paper wound round the 
body of the oven. One end of a piece of 1 mm X 0 - 05 mm nichrome resistanc/e 
stadp, N, is inserted in a fine saw cut, C, at one end. A tap with a hammer on 
the out will cause the strip to be firmly gripped by the silver rinn About half- 
way down the oven the strip is doubled on itself and spot welded together. 

* ‘ Ann. Fhysik/ vol. 8, pp. 636, 660 (1931). 


3 B 2 



680 


H. de Laszlo 


Winding is continued and the strip secured in a saw cut at the other end. The 
current is brought in through the doubled strip and out through the body of 
the oven. The outside is then covered with another layer of “ Crolite.” 

For higher temperatures two holes are drilled in the solid steel body of 
the oven parallel to the container. In these holes are placed spirals of tungsten 
wire insulated from the steel body by “ Crolite ” and a magnesia washer at 
the top end. The bottom end is connected directly with the oven by small 
screws. The two spirals are heated in parallel. Temperatures tip to 1000*^ C 
may be reached with this method of indirect heating. For higher temperatures 
a cylindrical radiation shield of polished nickel is used to prevent the body of 
the apparatus becoming too w’arm. 

One insulated lead only is required for heating these ovens and this is brought 
in through a Pyrex to copper seal,^ Y. 

The temperature of the issuing vapour is found by inserting a fine copper- 
constantan thermocouple via a taper plug into a taper hole, T, fig. 2, as near to 
the gas exit as possible. The leads for it are brought out through a separate 
copper-pyrex seal, Y'. The temperature is read off continuously on a Cam- 
bridge millivoltmeter. 

In order that the oven may quickly assume the correct temperature and 
that the body of the apparatus should not get too hot, it is thermally insulated 
by being mounted on a 1 mm diameter invar rod, Z. 

III — In the early experiments the jet, being rather thin and long, was at a 
slightly lower temperature than the body of the oven. This often caused 
condensation of the vapour and hence gave rise to blockage of the fine hole. 
The heads are therefore now made of massive silver and are thermally well 
connected to the body of the oven. 

IV — The various types of direct ovens had jets which consisted of fine holes 
varying in diameter from 0-05 to 0-30 mm, and in length from 0-6 to 3*0 mm, 
or were slits about 0*06 mm wide by 1*5 mm broad. The former were made 
by drilling with fine spiral drills. The latter were first holes into which was 
inserted a piece of steel of nichrome ribbon of the desired size. On squeezing 
the metal the hole then became a slit. The ribbon was removed by warming. 

With these direct jets it was just possible to obtain a photograph, especially 
when the ribbon jet was used parallel to the electron beam. However, very 
careful adjustment was necessary to obtain a result, and the beam had almost to 
graze the top of the jet iu order to pass through a layer of sufficiently high 
molecular concentration. This often gave rise to spurious results, owing to the 
• de Laaz]o, * J. Soi. Instr.,* vo). 10, p. 296 (1933), 
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diffraction and reflexion effects from the metal of the jet top. Even in the 
best cases, however, the interference photographs obtained were never evenly 
exposed all over. The bottom half— nearest the jet — had more distinct and 
darker rings than the top half. 

This matter was investigated separately, and it was found that with the 
small difference in pressure available between the interior and exterior of the 
oven (5“25 cm Hg) the vapour beam issued in the form of a wide-angle cone 
of approximately 110'\ This was determined by permitting the vapour of a 
substance such as diphenyl to condense on a polished, plane, liquid- air-cooled, 
copper surface situated at right angles to the axis of the oven. The condenser 
surface could also be moved to various distances from the jet. The diameter 
of the condensed ring or band could then be directly measured. 

Owing to the big angular spread, the vaporized substance, if of high melting 
point, would condense on the second electron jet, J, and block it up, unless it 
were placed a long way— b cm — from the oven. This indicated that a method 
had to be devised whereby a greater constant molecular concentration of 
vapour could be attained over a fairly long distance — a few mm — without 
affecting the vacuum in the l)ody of the apparatus, 

V — method which overcomes all these difficulties is that of not permitting 
the issuing vapour to pass straight into the evacuated space. A capillary hole, 
H, fig. 2, 0*2 mm diameter, is bored in the head at an angle of 45*" so as to lead 
the gas from the oven into a passage, P, fig. 2, 2 mm diameter, which is bored at 
right angles to the axis of the oven. Electrons pass down the axis of this hole 
where they meet the gas molecules which have issued from H. These mole- 
cules are caused to collide, and bump by reflexion from the screw threads, Z, 
which hne the tapered mouth of the passage. Owing to the angle of H, the 
molecules enter P with a component in the direction of the photographic 
plate, away from the electron jet. After leaving P, they are at once con- 
densed on the liquid-air-cooled platinum-plated copper tube 0. The con- 
centration of randomly orientated gas molecules is therefore very high within 
the space P-Z, and is, above all, fairly constant throughout any unit cross- 
section. We can thus get the maximum interference effect for any particular 
Bubstance by suitably adjusting the temperature of the oven and its head. 
Tlie point where the electron beam strikes a sufS-ciently high concentration 
of molecules to cause interference is taken to be where the canal enters the main 
hole, P. This is important for measuring the distance from where interference 
takes place to the photographic plate, which is necessary for the interpretation 
of the results, 



m2 


n. de l^aszlo 


The same system can be applied to very volatile substances which do not 
require heating, in lieu of the original direct jet method of Wierl. Superior 
results are likewise obtained owing to the higher and more uniform molecular 
concentration. In this case the heads are made of pyrex or quartz glass, fig. 3. 
A suitable piece of 1*5 mm bore capillary tubing, C, is made into a T with a 
piece of J-inch thin walled tubing. The former is then cra(jked off to approxi- 
mately the correct length. One end of the capillary portion is then ground 
out into a cone with the aid of a tapered phosphor-bronze rod. The ends are 
ground square. A piece of very fine capillary tubing is then prepared by 
pulling down from a piece of J-inch tubing. The interior diameter should be 
about 0 » 1 mm. Having made a suitable piece, the end is allowed to drop 
through about 45° by heating with a very fine flame. The end is cut off to 
the right length and the tip ground off parallel to the axis of C. The fine 
capillary, S, is then inserted into T and joined at X, By working in the flame 
the point of 8 can easily be made to assume the correct position. These heads 
are very robust, can be cleaned with acids, etc., and will stand heating in order 
to remove all traces of moisture. They are adjusted in the apparatus by 
sealing through the tapered brass joint L with the aid of “ picein.’' The bulbs 
containing the volatile materials are joined to the head either by fusion or by 
a ground joint, depending on the substance. Whiles evacuating the apparatus 
the reservoir is cooled with liquid air to avoid unnecessary loss. 

Liquid Air Trap 

The trap is made of seamless German silver tubing of \ mm wall thickness. 
Abont 5 cm of its length are turned down on a mandrill until the wall thickness 
is between 1 /lO and 1 /20 of a millimeter. This fact coupled with its low thermal 
conductivity avoids the unduly rapid evaporation of the liquid air within it. 
The German silver is brazed on to the actual copper condenser, 6. The whole 
is platinum plated to avoid corrosion and contamination of the condensed 
material. 

In order to adjust the exact position of the trap relative to the nozzle, two 
flat lapped joints, a and a', are employed with a distance piece of pyrex. The 
latter is made by blowing a 4-inch bulb in the middle of a piece of 40 mm 
tubing which is fixed at either end into the synchronously rotating chucks of 
a glass-blowing lathe. When the bulb is soft, the glass tube is pushed together 
and the bulb collapsed on itself by squeezing with a large carbon-faced forceps. 
We thus obtain a solid ring of glass about 8 cm diameter in the middle of the 
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tube. The process is repeated at 10 cm from the first rmg. After careful anneal- 
ing, the outer tubes are cracked off at the rings, which are ground flat with 
carborundum on a face plate. All joints of the trap are soldered with a 50% 
alloy of pure tin and lead, which does not tend to form large crystals at low 
temperatures, thus giving rise to leaks. The vaporized material may be 
conveniently recovered after the experiment by scratching or dissolving off 
the trap. 


Photographic Plates 

All our preliminary work was done with Paget process plates. We found 
tliese gave excellent results for transmission diffraction photographs of thin 
metal foils. The images are of fine grain and contrast well with the clear, 
unfogged background, which makes them ideal for photometry. They are, 
however, relatively insensitive to electrons and have a very steep blackening 
curve. This results in the portion round the central spot being over-exposed, 
leaving the edge very under-exposed. Great variations in exjwsure must be 
given for the same substance so that measurements oii the outside rings may be 
made on over-exposed plates and vice versa. 

The Ilford X-ray emulsion is far more sensitive to electrons and has a greater 
range of blackening than the Paget. It permits of visual measurement of all 
the existing interference maxima on the same plat(i. There is, however, a lot 
of general fogging whicli does not affect the measurements. The plates are 
developed for the same period of time in a tank at constant temperature. The 
Ilford tank formula for X-ray plates is used. 


Production and Memurermni of Comtanl Vcliage 

Three values are required for calculating the (sin 0/2) / X value for any particular 

ring maxima according to the formula where D is the diameter 

of the ring, and n the distance of the diffracting centre to the photographic 
plate. X is the wave-length which is derived directly from the voltage V 
at which the exposure was made by equation (3), 

n and D could be measured with a respective accuracy of a quarter of 1% 
and 1%. However, if the mean of the values of(sin 6/2)/Xfor a number of plates 
are taken, then the order of accuracy to which D can be determined will be 
increased to about the same as n, V alone is difficult to determine. 
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Since the interference maxima obtained by passing electrons through vapours 
are necessarily rather broad and mdistinct, all causes which could give rise to 
an even greater lack of definition than is inherent in the method must be 
eliminated. The voltage must therefore be kept very steady during an 
exposure. Wierl used a Siemens Stabilivolt high-voltage equipment as designed 
for medical X-ray work, which has a ripple of at least ± 3%, besides probable 
fluctuations in the A.C. mains. We decided to eliminate errors arising from 
ripple by using high-frequency A.C. of 500-1000 This was obtained from a 
Mackie J kw. rotary converter with specially shaped pole pieces to improve the 
wave form. This is driven by the Institute accumulator cells which are of 
ample capacity to provide a constant source of D.C. for the motor side of the 
converter. 

Great difficulty was experienced in finding a suitable transformer to operate 
up to 60,000 volts at this high frequency with the small amount of power 
available. Two transformers were specially made, but either broke down in 
use or drew too much current from the converter owing to the high saturation 
current taken by the core. Various makes of induction coil were then tried, 
but only one type survived the test and has been in use for the last two years 
without a breakdown. 

This coil was made by Butt for service in the tropics. It is layer wound in 
two sections. The innermost layer of each of the secondaries was joined and 
earthed, thus forming the mid-point of our transformer. The two outer ends 
of the secondary are comiected directly to the filaments of two E.H.T. 3 
rectifying valves.* The filaments of the valves ore heated by insulated 12- 
volts car accumulators to avoid variation in filament temperature if operated 
off the A.C. mains. The 60,000 volts Meirowski condenser of 0 • 06 mf. capacity 
is connected between the earthed mid-point and the high tension side of the 
system, and is mounted horizontally on two brackets near the ceiling of the 
room. The very smooth high voltage D.C. (1/10 of 1% ripple) is connected 
to the cathode of our discharge tube via a 3-megohm wire-wound Philips 
resistance and a 0-5 mA meter. 

YdUage Measurement 

The voltage at which a photograph is taken has until recently been deter- 
mined either with a sphere cap or an electrostatic voltmeter. With neither 
of these methods can the actual voltage at the moment of the exposure be 

♦ Fresonted by C)Bram Lamp Works through kindness of Mr. Smith. 
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measured with a greater accuracy than i 2%.* From the very beginning 
therefore we have used high resistances of the order of 50 megohms connected 
across the discharge tube, through a Weston precision milliammeter, to earth. 
Any variation in the voltage during the exposure at once l)ecomes apparent 
in the meter. The first resistance used was made of 100 “ Varley ^ megohm 
wire-wound cartridges soldered together 20 at a time in lO-glass tubes. Each 
resistance was first calibrated with a Cambridge precision bridge and the sum 
total compared with actual diffraction photographs obtained with gold le^f. 
OWensf value of 4-071 A for the space lattice of gold was taken as our standard. 
This resistance, however, was soon abandoned, owing to the high temperature 
coefficient of the nickebchromium wire used in its construction. Actual 
breaks, which were difficult to locate, would take place in some of the cartridges, 
due to expansion and contraction. 

The resistance now in use is made of 25 Siemens 2-megohDi (Hochkonstant 
type 4a) resistances, J each capable of carrying two watts. These are soldered 
together and mounted in a glass tube which forms part of a closed system round 
which transformer oil circulates, keeping the resistances at fairly constant 
temperature. After running for 5 minutes a constant condition is reached 
and gives very reliable readings with the meter. The resistance is checked once 
a month with gold diffraction photographs. 


Meamreimnl of Plates 

Eight of the best photographs are selected out of the two dozen that are 
usually taken of each substance with varying exposures and voltages. They are 
selected firstly according to the visibility of the rings of maxinimn and minimum 
intensity, and secondly each must have been taken at a different voltage varying 
l>etwoen 15 and 60 kv. With compounds that give very closely spaced rings 
such as p-p' didodo diphenyl, a distance piece is inserted in the apparatus so as 
to increase the resolving power. The selected plates are cleaned and preserved 
in transparent envelopes made of cellophane “ sausage skin.*' 

We have tried using evenly illuminated surfaces of opal glass, altering the 
light intensity with a rheostat, and the colour with gelatin filters, but varying 
results in ring diameter were found, depending on the conditions used. In the 
end a 60- watt lamp with interior etching of the bulb was selected as a standard, 

♦ Finch and Quarrell, * Proc. Roy. Soo.,* A, vol, 141, p. 404 (1933). 

t ‘ Phil. Mag./ vol. 13. p. 1020 (1932). 

t Hartmann and Doeaman, ‘ Z. Tech. Phyaik/ vol. 9, p. *i34 (1928). 
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and all ring measurements have been made with its aid under identical con- 
ditions in a dark room* The bulb etching is of such a grain size that the intensity 
distribution over the bulb falls off steeply from the centre outwards. This 
tends to compensate the rapid falling-off in blackening of the plate. An opal 
glass half-watt lamp gave very poor results, as its intensity distribution is far 
too even over its surface. 

Trendelenburg* has recently published a method of removing the diffuse 
background scattering from electron diffraction photographs by the use of a 
revolving sector so dimensioned as simultaneously to compensate for the steep 
falling-off in blackening of the photographic plate, especially near the centre. 
If his method were used on interference photographs of vapours, it would increase 
the accuracy and facilitate the measurement of the maxima as well as providing 
prints that are more suitable for reproduction than the original plates. 

The plate is held up in front of the light and the diameters of the rings 
measured at their apparent points of maximum and minimum density with a 
10 cm white celluloid millimeter ruler. Scales of glass or transparent celluloid 
are far more difficult to use. Whore no visual maxima is seen, the ring edge is 
measured. Results are consistent and may be repeated on different days with 
a reproducibility of J%. 

Let D be the diameter in millimetres for any particular ring of a substance 
which has been photographed at a certain X and at a distance n mm from the 
diffracting centre. Let 0 be the semi-angle subtended by the ring diameter. 

Then since we are dealing with small angles 


and dividing by 2 A we get 


sin 6 = tan 0 — D/2n 

sin 6/2 ^ JO 
X ’ 4nX* 


( 6 ) 


(sin 0/2)/X will therefore be a constant for the same ring of the same substance, 
even though taken at varying X and u, and is also the expression that is present 
in equations (2), (4), (5). 

The (sin 0/2)/ X values are calculated for the rings of our eight plates, and the 
arithmetical mean is taken. 


From (4) we see that the intensity falls off 



The eye discounts 


X 


this fact and physiologically one has the impression of a number of light and 


* ‘ Wi«8. Verftff. Riemens-Konz.,* vol. 13, p. 48 (1934>. 
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dark rings of varying intensity with but a gradual falling-ofi in blackening 
towards the edge of the plate. As Brockway* has pointed out, with two rings 
that are badly resolved or have very different rates of decline in apparent 
density at either side, the St. Johnf effect appears. The apparent separation 
of such rings is greater than actual fact, by anything from 5 to 10%. Owing 
to the intense blackening of the central spot, the first minimum is shifted 
outwards by about 10%, For purposes of structure determination, it is best 
to select those maxima or minima that are clearly defined and as far from the 
centre as possible. Slight variations in chemical structure only become apparent 
at values of (sin0/2)/X greater than 0*6. As WierlJ first showed, micro- 
photometer records of these interference patterns usually give a very steep 
falling-off in intensity (in perfect accordance with theory), the visual maxima 
being but points of inflexion. Such records are not very helpful, since we do 
not know what positions on these inflexions correspond with those determined 
visually. Only with certain substances where the maxima and minima are, 
for structural reasons, very intense, as in hexabromethane and carbon tetra- 
bromide, can true photometric maxima and minima be obtained. They have 
been found to correspond with our visual measurements. The photometer 
cannot be used for measuring ring diameters for high values of (sin 0/2)/ X. 
For such small differences in intc^nsity as occur here the eye is infinitely more 
sensitive than any instrument yet made,§ Since these are the most vital rings 
for structural investigation, one must conclude that the photometer may 
usually be dispensed with in electron-scattering work on vapours, in view of 
the improved technique which permits the registration of all existing rings of 
high order. 

Interpretation and Calculation 

Having determined experimentally the (sin 0/2)/ X values of the maxima 
and a few of the sharpest minima of our substance, we proceed to construct 
a theoretical intensity curve for it, which depends on its supposed chemical 
constitution. If the (sin 0/2)/ X values of the maxima and minima of tlie latter 
coincide with the former, then the spatial structure of that particular compound 
may be taken as proved, otherwise a new model or a modification of the first 
must be undertaken. 

* * Proo. Nat. Acad. Sci.,’ vol. 19, p. 872 (1033). 
t * Aatrophya. J,/ vol, 44, p. 35 (1916). 
t ‘ Ann. Physik,’ vol. 8, p. 539 (1931). 

S J. S. Haldane, Inaug, Add. Edin. E. Med. Soo„ October 13, 1933. 
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After investigating and calculating the curves for over 200 substances, we 
have found as a general rule that a simplified equation for intensity distribution 
may be employed, especially for substances of molecular weight greater than 
160, We substitute Z (atomic number) for ^ in equation (4) and leave out the 
incoherent scatterings.* If we are using maxima and minima of high order 
between (sin 6/2)/ X 0-6 and 1-5, to characterize our substances, then they 
would scarcely be shifted towards the origin if we were to employ the 
complete equations (1) and (4): This would, however, increase the labour 
of calculation about six times, which in the circumstances is not warranted. 
Our object is to determine interatomic distances and the spatial arrangements 
of these atoms in various molecules. Nothing can be gained by this very 
slight increase in accuracy. We are satisfied if the high order maxima and 
minima of our theoretical values do not differ from those determined experi- 
mentally by more than (sm 6/2) /X 0*005. 

The exact procedure of the calculations will be shown in Part II. 

In conclusion, I should like to thank Imperial Chemical Industries for having 
made this piece of work possible, and Professor F. G. Bonnan, F.R.8., for 
having put the facilities of his laboratories at my disposal. 


Summary 

The technique of obtaining photographic records of the scattering of fast 
electron beams by vapours and gases lias been simplified and perfected in the 
following way. 

A — The interference pattern of the vapour of any substance that will 
vaporize in vacuo up to 1000® C without decomposition can be photographed 
by means of a small oven, equipped with an original type of vaporizing nozzle. 
This permits the investigation of a great variety of molecules which could not 
have been measured by the older methods. 

B — Tliis nozzle, either in conjunction with the oven or by itself when using 
substances with a high vapour pressure at room temperature, coupled with the 
use of Ilford X-ray emulsions, enables us to record many more interference 
maxima, than had previously been possible. 

♦ Sherman’s four-figure table of sin x/x valuesf been found invaluable for this 
work in conjunction with 60 cm precision “ Nestlor ” slide rules and a simple form of 
adding machine. 

t * Z. Kristallog.,* vol. 86, p. 404 (1933). 
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C — These new high order maxima are particularly sensitive to changes in 
chemical structure. Hence we can now make an accurate determination of 
interatomic distances and the molecular architecture of many compounds 
whose spatial configuration has hitherto been unknown. 

D — Xhe high potential source used for the electron beam is very constant 
and free from ripple, the voltage being measured by a simple resistance 
method which has proved more accurate than the usual electrostatic instru- 
ments. 

E — The high (sin 0/2)/X values of the maxima that are now available warrant 
the use of a simplified method of calculating the theoretical scattering curves, 
with which the experimental results are compared, with a consequent saving 
in time. 

These technical improvements have turned the electron diffraction method 
into a quick, reliable, and accurate tool for the determination of chemical 
structure in the vapour phase. It sliould now^ be possible to clear up most of 
those debatable points in chemistry where a knowledge of the spatial structure 
is essential. Over two hundred substances have been examined by this 
method and the results will be recorded in subsequent papers. 
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Molecular Structure as Determined by a new Electron Diffraction 
Method II — The Halogen-Carbon Bond Distance in some 

Simple Benzene Derivatives 

ByHENKY DE Laszlo M.A., Ph.D. (The Sir William Bamsay Laboratories of 
Inorganic and Physical CSb^emistry and Imperial Chemical Industries, 
Ltd., University College, London) 

(Communicated by F. G. Donnan, F.R.S, — Received April 27, 1934) 
[Platks 10 and 11] 

The object of this investigation was to get replies to the following questions 
concerning the structure of certain simple benzene derivatives in the vapour 
phase : — 

(1) Is the benzene ring a flat, regular hexagon ? 

(2) What is the carbon-carbon distance in the benzene ring, and is this a 
constant independent of the number of substituents ? 

(3) What is the halogen carbon distance for Cl, Br, and I, substitution 
products of benzene ? 

(4) Is this distance constant and independent of the number of halogen 
atoms substituted in any particular compound ? 

Lonsdale* * * § has shown that the carbon-carbon distance in crystalline hexa- 
chlorbenzene is about 1 -42 A provided one takes the ring as being plane, and 
the carbon-chlorine distance must be greater than 1-676 A. Robert sonf 
finds 1 -41 A for carbon-carbon in the benzene ring of crystalline L2.4.5 tetra- 
methyl benzene. Wierit examined benzene vapour by electron diffraction 
and came to the conclusion that it was a regular flat hexagon with carbon- 
carbon = 1-39 A. Hendricks§ has used the same method on p-di-iodobenzene 
vapour and finds reasonable concordance with experimental results assuming 
a flat regular ring, with carbon-carbon — 1*42 A and carbon-iodine = about 
2-00 A. Owing to his technique he had only the first three maxima to go on 

instead of ten as in our work, which accotmts for the approximate accuracy of 

* ‘ Free. Roy, Soc./ A, vol. 183, p. 636 (1931). 

t ‘ Proc. Roy. Soc.,’ A, vol. 142, p. 669 (1933). 

X ‘ Ann. Physik,’ vol. 8, p. 669 (1931). 

§ * J. Cfhem. Phys.,* vol. 1, p. 660 (1933), 
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his result. Recently Pierce** has measured j>-dichlorbenxene vapour by X-ray 
diEEraotiou and considers that 1 *4 A for C-C and 1 *8 A for C-Cl are sufficiently 
accurate values to account for a plane hexagonal benzene molecule with Cl 
atoms lying in or near the plane of the ring. Except for the work of Lonsdale 
and Robertson, the order of accuracy of the experimental results < 5%) 

does not justify the conclusions. 

In order to achieve our purpose, the vapours of the foUowing substances 
^vere examined as to their electron diffraction in the apparatus described in 
Part I. These substances were all recrystallized several times before use, 
and had correct melting points. The oven temperature range at which the 
vapours were photographed arc noted beside each substance, 

fHexa-chlorbenzene (B.D.H.), ]66°“186° C 
LHexa-brombenzene (Schuchardt), 204®- 224® C 

(2) tribrom benzene (Schuchardt), 110®-120® C 

\l-3-6 tri'iodo benzene (gift of Professor 6. M. Bennett), 320®“340® C 

( 3 ) / p-dibrom benzene (Kodak), 82^-92® C 
\p-di-iodo-benzene (Kodak), 120®-140® C. 



Fia. 1 


Fig. 1 will servo as a universal diagrammatic representation of the structure 
of the above substances, Cj-C® Iwing the centres of the six C atoms of the 
benzene ring with the centres of the six halogen atoms situated such 


♦ ‘ J. Chem, Phys.,’ vol. 2. p. 1 (1984). 


their valancy directions mth reiqpect to the C atoms < 
turns join at the centre of the benzene ring. Let them also lie ia the pluie of 
the benzene ring. In making the oaloulations of the theocetioal ouzyes varioiu 
values of the C-€ distance in the benzene ting wme tried and without any doubt 
1-41 A was found to answer for aD the substanoes examined in this paper. 
Half a dozen different halogen-carbon distances were tried for each of the 
halogens until a value was found that made the the(«eticsl curve J agree 
with the experimental facts. * 

In the columns of ffgures given below, the ccsresponding experimental and 
theoretical maxima and minima will be shown Side by side with a shortened 
description of their character. In the equations representing the theoretical 
intensity distribution curves, the distance in A between the two diffracting 
atoms, say (Brj-Ci) will be placed before the hyphen. This distance being (1), 


it must be multiplied by 47t before use. But 43cl, 


-f 


■Xt-f, therefore 


in making out calculation 4tcI is multiplied by values of (sin 6/2)/X firom 
0*150 up to 1*6 in steps of 0*01 and the values of sinx/a; corresponding to 
each value of z is looked up in Sherman’s* tables. The same operation is 
repeated for each interatomic distance li —j present in the molecule. 

If a factor is shown outside the brackets of the I values, then each term 
within must be multiplied by it. When all the I values of a molecule have 
been worked out, those corresponding to a particular (sin 6/2)/X value are 
summed. The resulting sums are plotted as Ordinates against (sin 6/2)/X as 
abscisste. 

In figs. 2, 3 and 4 the theoretical scattering curves ate shown as a continuous 
line. The numbered arrqws denote the positions of the experimentally deter- 
mined maxima and minima. 

As we see from equation t(l) all distances in the molecule must be 
taken twice over. Since this is tire same for every term it may be disregarded 
in making the calculation and will not appear in the equations of intensity 
distribution. With the benzene derivatives under exansination we have for 
the sake of brevity and clarity left out the terms arising from the benzene 
ring itself, namely, the six interferences due to 0 and those due to carbon 

and hydrogen. The intensity of these interferences is so snudl compared 
with those cansed by halogen-oarbon and halogen-halogen that th^ do not 
measurably affect the resultant intentity curve. 

* * Z. KtistsXk>g.,’ voh as, p. 404 (im). 
t Pt. I.» p. «78. 
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In the zeproduotioQB of the plates showa oh Plates 10 and 11, it 

has been found impossible to do justice to the original negatives, owmg to 
the rapid falling-ofi in photographic density from the centre outwards. The 
distance between the difiracting centre and plate was 28 cm. 

In the six substances investigsted in this paper we have found that the 
following halogemoarbon distances give theoretical intensity corves that agree 
very well with the experimental facts : — 

C-Cl ==1*69 A 

C - Br «1-88A 

C-I = 2-06 A 

Hexabrom Benzene 

J == 6 X 36* “ - He) + - H,)] -f 3 X 35* (H,« “ - H,) 

+ 12 X 35 X 6 - Ce) + - C,)] 

+ 6 X 36 X 6 [(Hi*-** - Cl) + (He<-» - C,)]. 

Divide through by (3 x 36*). 

Experimental and Theoretical Resvlts 

Bing No. ^l^expt. !il!^thoor. Desoription 


1 

0186 

0*190 

Very inteiwe 

2 

0*278 

0*276 

Faint edge 

3 

0*377 

0*370 

Very, veryintenae 

4 

0*472 

0*475 

Intenae and narrow 

6 

0*540 

0*645 

Xntenae and narrow 

6 

0*638 

0*636 

Very intense and narrow 

7 

0*685 

0*690 

Minimum 

8 

9 

0*727 

0*788 

0*730 1 

0*800 J 

^ Doublet iaint and broad 

10 

0*838 

0*860 

Minimum 

11 

0*888 

0*910 1 

[ Doublet badly resolved and 

12 

0*980 

0*980 J 

r faint 

13 

1*040 

1*040 

Minimum 

14 

1*087 

1*086 

Faint, very narrow 


In order to show the mechanism of the calculation we give below, as an 
example, a few short sections covering one or two of the m a x i m a and minima 
for hexabrom benaene. 

The complete theoretical curve is shown in fig. 3 and an example of the 
original photographs in fig. 6, ]^te 10. 

fOt. OXLVI.-— A. So 
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«ia ^/2 

3-29 A 

6-697 A 

6-58 A 

4 - 177 A 

S-850A 

1*88A 

4-70A 

T" 

“41-^ X 2 

TFSSn' 

32-66 

52-47X0-686 

35 ft2xO-686 23'e2x0-343 

60 03x0-^ 

0*8201 

+368 

+ 162 

+ 163 

+ 190 

-84 

+204 

-83 

80 Lg 

+606 

+388 

+ 188 

+207 

-182 

+ 170 

-46 

40 f| 

+732 

+426 

+92 

+ 170 

-260 

+ 126 

+7 

50 J 

+ 736 

+266 

-64 

+ 89 

-287 

+76 

+66 

0-6801 . 

+124 

-410 

-61 

-171 

-184 

-74 

+64 

00 >% 

-164 

-322 

+80 

-189 

-93 

-119 

+ 8 

0-700j w 

-416 

-86 

+ 167 

-165 

+4 

-162 

-38 

1-0301 . 

-466 

-270 

-32 

*-73 

-H9 

-100 

-60 

40 V § 

-390 

..-226 

-107 

-116 

-193 

-70 

-56 

50j « 

-254 

-66 

-106 

-123 

+3 

-46 

-41 

10701 

+ 106 

+244 

+ 53 

-49 

+ 121 

+20 

+ 18 

®oLa 

+278 

+244 

+ 108 

+ 17 

+ 168 

+ 61 

+43 

90 

+388 

+ 132 

+94 

+ 73 

+ 174 

+ 77 

+53 

MOOj 

+438 

--40 

1 23 

+ 108 

+ 169 

+ 100 

+46 





Hexaohlor Benzene 




J = 6 X 17* [(Hj 

3- 10 

He) + - H,)] + 3 X 17* (H,« “ - H,) 


+ 12 X 17 X 6 - C,) + 

-c,)] 



4- 6 X 35 X 6 [(H 

- Cl) + (H5* “ - 

C,)]. 



Divide through by 3 x 17*. 


Ring No. 

5«i^expt. 

!ilL^theor. 

Beecriplion 

1 

0-202 

0*200 

Very intense 

2 

0-396 

0-396 

Very intense 

.3 

0-502 

0-602 

Very clear and narrow 

4 

0-685 

0*680 

Very clear and narrow 

6 

0;675 

0*670 

Very intense and narrow 

6 

0-726 

0*728 

Mimmuni 

7 

0*782 

0*780 

Intense 

8 

VUiblo, not 
measurable 

0*820 

Very faint and broad 

9 

1*030 

1*026 

Very faint and broad 

10 

MOl 

1-095 

Minimum 

U 

M66 

1*163 

Weak but clear 


The theoretical intensity curves for the above are shown in fig. 2 and an 
original photograph in fig. 6, Plate 10. 


5ym. Tri-Iodo Benzene 

J ^ 3 X 53* -- Ha) + 6 X 53 X 6 - 0^) + (H/ ** * C*)] 

-f 3 X 53 X 6 - C,) + - C^)]. 

Divide through by 3 x 53 x 6, 


+918 
+ 1331 
+ 1303 ^ 
+870 

-Gtt2 

-7094- 

-876 

-HIO 

-11624- 

-632 

+493 
+ 899 
+991"^ 
+844 
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Bing Xo. 

•iS^expt 


Besoription 

1 

0 187 

0*190 

Intense and narrow 

2 

0'2e5 

0*266 

Intense and broad 

3 

0>364 

0*366 

Very intense and narrow 

4 

0*436 

0*436 

Weak and broad 

6 

0*617 

0*622 

Clear, very narrow 

6 

0*004 

0*606 

Faint 

7 

0-690 

0*695 

Faint and narrow 

8 

0*767 

0*762 

Very faint and blurred 

9 

0*847 

0*860 

Faint and clear 



Sym. Tribrom Benzene 



J = 3 X 36* ~ H,) + 6 X 53 X 6 [{Hi* "® - C,) + - C,)] 

+ 3 X 35 X 6 [{Hii '"' - C,) + (H,* ™ - Cj)]. 


Divide through by 3 X 35 X 6. 

Bing No. gi"^e»pt. tbeor. 

Description 

1 

0*206 

0*200 

Very narrow and intense 

2 

0*291 

0*280 

Clear edge 

3 

0*376 

0*375 

Very, very intense 

4 

0*469 

0*465 

Edge 

6 

0*548 

0*650 

Narrow, very intense 

6 

0*636 

0*036 

Narrow and intense 

7 

0*730 

0*730 

Narrow and weak 

8 

0*817 

0*816 

Very weak edge 

9 

0*894 

0*896 

Narrow and weak 

10 

0*986 

0*986 

Narrow and very weak 

11 

1*089 

1*085 

Narrow and weak 


The theoretical intenaity curves of tri-iodo and tribrom benxene are 
shown in fig. 3, and reproductions of original photographs in figs. 7 and 8, 
Plates 10 and 11. 

Para-di-iodo Benzene 


J = 63* (H,« »* - H.) + 4 X 63 X 6 - C,) + (Hi* « - C,)] 

+ 2 X 63 X 6 [(Hi* " - C,) + (H,* « - Cj)]. 

Divide through by 2 x 63 x 6. 


Bing No. 

!iE«L2e,pt. 

A 


Jii^theor. 


de Lasslo 

Hendricks* 


1 

0*160 

0*156 

0*160 

2 

0*286 

0*230 

0*238 

3 

0-306 

— 

0*308 

4 

0*378 

0*376 

0*876 

6 

0*467 

— 

0*455 

6 

0*620 

— 

0*626 

7 

0*698 

— 

0*696 

8 

0*671 

. — 

0*676 

9 

0*734 

— 

0-735 

10 

0*812 

— 

0*820 

11 

0*876 

— 

0*875 

12 

0 056 

— 

0*966 


BMoription 


Very intense 

Veiy intense and narrow 

Edge* faint 

Very intense and narrow 
Edge, l&dnt 

Very intense and narrow 
Clear edge 
Very faint 
Clear narrow 

Very faint and difhise douUet 
Very faint, narrow 


* * J. Chem. Phys./ vol. 1, p. 660 (1933). 
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Para-dibrom Benzene 


J = 

36* - He) -f 4 X 36 X 6 



+ 2 X 36 X 6 - 

C,)-f 

- Ce)]. 

Divide through by 2 X 35 X 6. 



Ring No. . ,^2 

A A 

DeBcription 

1 

0-176 

0*170 

Intense 

2 

0-248 

0*260 

Very inteme and narrow 

3 

0-370 

0*360 

Very, very faint 

4 

0*392 

0*392 

Very intense and narrow 

6 

0-480 

0*480 

Very faint 

6 

0*555 

0*555 

Faint edge 

7 

0*637 

0*625 

Faint edge 

8 

Not meaflurable 

0*740 

Very, very vague 

9 

0*780 

0*774 

Faint edge 

10 

11 

0*870 

Not mo&8urable 

0*870 \ 

0-920 / 

Faint doublet 

12 

1-086 

1*092 

Very faint, clear 


The complete theoretical curves of p-di-iodo and p-dibrom benzene are 
seen in fig. 4, and experimental results in figs. 9 and 10, Plate 11. 


Discussion and Summary of Results 

A remarkable agreement between the theoretical maxima of the intensity 
curves and the experimental results has been found for the six substances under 
investigation. We feel therefore that the following answers may safely be 
given to the questions stated at the commencement of this paper : — 

(1) and (2) — The benzene ring exists in the vapour phase as a flat r^ular 
hexagon with a C-C distance of 1 *41 A. 

(3) and (4) — ^The halogen-carbon distances for substituted benzene deriva- 
tives in the state of vapour are : — 

C - Cl = 1*69 A ±0*01 A 
C-Br = 1*88A±0*01A 
C-I « 2*06 A ±0*01 A 

These distances appear to remain constant and are independent of the 
number of similar atoms substituted at the same time in the benzene ting. 

It will be seen that the carbon-halogen distances in substituted benzene 
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derivatives are always less than those generally accepted for aliphatic com* 
pounds, the discrepancy being of the order of 0*06 A, 

Summary 

The electron diffraction of the following six benzene derivatives have been 
measured in the vapour phase : bexa-chlor and hexa-brom benzene ; sym. 
tribrom and tri-iodo benzene ; p-dibrom and di-iodo benzene. 

The experimental results agree well with the theoretical scattering curves 
based on a model where benzene is a regular flat hexagonal ring with carbon* 
carbon distance 1*41 A. 

The halogen-carbon distances were found to be: C — Cl = 1*69 A ± 
0-01 A, C - Br = 1*88 A ± 0*01 A, C - I = 2*05 A ± 0*01 A. 

These distances appear to remain constant and to be independent of the 
number of similar atoms substituted at the same time in the benzene ring, 
and all the atoms lie in the same plane as the benzene ring. 

These carbon-halogen distances are always less than those generally accepted 
for aliphatic compounds, the discrepancy being of the order of 0*06 A. 
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Wind Structure and Evaporation in a Turbulent Atmosphere 

By 0. G. Sutton, B.Sc. 

(Commuaicated by G. C. Simpson, F.R.8.— Received May 2, 1954) 

Part 1 — The General Equation of Transfer and the Variation 
OF THE Wind with Height 

Introdttjciion 

1 — It is now generally recognized that in a turbulent medium, such as the 
lower atmosphere, the processes of the diffusion of mass, heat, and momentum 
are dominated by the action of eddies in the wind. The exact mechanism 
by which the t)T)ical frictional and diffusion effects are set up by the turbulence 
is still obscure, and at the present time there appears to be little hope of the 
presentation of a comprehensive theory of turbulent motion. The object 
of the present paper is to set forth a theory which, while admitteilly non-exact 
and based partly upon an empirical assumption, appears to afford a satis- 
factory basis for the preliminary consideration of the allied problems of wind 
structure and the natural evaporation from a freely exposed Jllane surface 
in the lower atmosphere, 

2 — It is noticeable that most of the theories of turbulence which have been 
advanced treat the diffusion phenomena bj means of a model which is suggested 
by the kinetic theory of gases. The eddies are regarded as distinct masses of 
fluid which behave like the molecules of the kinetic theory in that they are 
assumed to move along a kind of “ free path,'^ and thereby to transfer mass, 
heat, and momentum from one layer of the fluid to another by a process which 
is regarded as being substantially identical with that described by the collision 
dynamics of the kinetic theory. Briefly, it is assumed that a certain mass of 
fluid, of dimensions small compared with those of the total volume of fluid 
under consideration, breaks away from its surroundings under the influence 
of some mechanical or thermal disturbing force, and moves to another region 
of the medium, carrying with it a content of mass, heat, and momentum typical 
of the layer from which it originated. Having moved a certain distance (the 
Miachtmgsweg of Prandtl*'*) the eddy is then conceived to mix instantaneously 

* * Proo. 2nd Int, Cong. Appl. Maths. * (1926), See also the article on ‘ Hydrodynamics ’ 
by Prandtl in MiUler-Pouillet’s ** Lehrbuch der Physik.*’ References will be made to the 
English translation of thi* work, “ The Physics of Solids and Fluids,** by Kwald, PSsohl 
and Prandtl, translated by Dougall and Deans (1980). 
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with the surroundmg fluid, much in the same manner as a molecule transfers 
a portion of its energy when it comes into collision with another molecule. 
The basic idea of the present treatment is that mixing by turbulence should 
not be regarded as the kind of explosive ” action contemplated in these 
theories, but rather as a continuous process which takes place along the whole 
path of the eddy. This concept will be elaborated and subjected to mathe- 
matical treatment by making use of Professor G. I. Taylor’s work on “ Difiusion 
by Continuous Movements.”* This appears to be the only theory which 
has yet been advanced which deals with eddy motion, not as a series of inde- 
pendent impulses, but as a succession of connected movements. The present 
theory, although departing in many respects from the methods developed by 
Taylor, may therefore be considered as a sequel to Taylor’s work on this 
subject. 


The Oeneral Equation of Transfer 


3 — Consider a rectangular system of axes, and let the components of the 
wind velocity at any instant be u, o, and taken along the x, y, and z axes 
respectively. Let mean velocities w, v, and w be defined for an interval of 
time T as follows 


u 


1 p+iT 

TJe^x 


udt\ 


V 


ir 


V dt \ 


w ^ 


1 

T 


wdt ; 


( 1 ) 


where t is time. The eddy velocities u\ v\ and w* are defined (following Reynolds) 

by 

w = u w' ; i; = v -f v' ; w? = w + (2) 


Let the orientation of the system of axes be such that the x-axis is along the 
direction of the mean wind, the y-axis across wind and the z-axis vertically 
upwards. We shall assume that the heights we are dealing with are sufficiently 
small to enable us to neglect any change with height in the direction of the 
mean wind, and that the orientation of the system of axes, relative to the 
earth, does not change in the periods of time with which we are concerned. It 
is further assumed that there is no mean velocity in the vertical direction. 
These assumptions are likely to be realked on most occasions in the lower 
atmosphere (say, up to 20 metres above the ground) for periods of 1 hour or 
less. 


* * Proo, Lond. Math. Soc.,’ voL 20, p. 196 (1922). 
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Evaporation m a TwbulefU Atmosphere 
Witii our assumptions, and th^ above system of axes, we have 

e = = 0 ] 

(^>0). (3) 

== == Si' ==: 0 J 

Let the surface of the earth be the plane is = 0, and let it be assumed that 
u, u\ v\ and w' are functions of height only. The air is supposed to be homo- 
geneous as regards wind structure, water vapour content, etc., in all directions 
except the vertical. Observations have shown that the elements of wind in 
flat country show little variation over areas up to 20 square miles or so, so 
that the last assumption is also in reasonable accord with fact. We are thus 
dealing with the case of a laminar mean motion having superimposed upon it 
a fluctuating eddy motion. 

Consider a mass of air (an “ eddy the volume of which is supposed small 
compared with tlie total volume of the atmosphere under consideration, 
moving away from its surroundings under the influence of some external dis- 
turbing force. It is assumed that the air constituting the eddy has acquired 
the typical mean properties of its surroundings. Suppose now that the atmo- 
sphere possesses some transferable conservative property, such as vapour or 
smoke content, temperature, or momentum, and let E be the amount of the 
transferable entity per unit volume. The effect of the vertical motion w' 
is to cause a transfer of the entity E associated with the layer of air at height 
2 to a new height z Ij and by analogy with the kinetic theory, it is easily 
shown that the mean rate at which K is communicated to unit area of a hori- 
zontal area of thickness 8z is 

(4) 

dz^ cz ! 

where p is the density of the air, which is assumed not to vary with height. 
The quantity pte'i here plays the part of a coejficient of diffusion, heat con- 
duction, or viscosity, though not necessarily one which has the same value at 
all points in the field, as in the case of molecular transfer, problem under 
consideration thus amounts to finding an expression for pw'i in terms of the 
mean motion u end the height z, so that it may be possible to integrate the 
equations of transfer. 

The term Amto^mMcoe^ient has been used by Schmidt* for the quantity 
; the term “ interchange coefficient will be used throughout this paper. 

* Ber MafisenausUusoh in freier Luft,’* vol, 7, ** Probleme der Kosmisohon Physifc.” 
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Let us assume that the motion is such that the mean eddying energy in the 
vertical direction does not vary with time over the periods with which we are 
concerned. That is, we assume to he independent of time. For periods of 
the order of 1 hour or less, this condition is fairly well satisfied in the lower 
atmosphere. 

Let Rf be the correlation coefficient between the vertical motion w' (0 
associated with a mass of fluid at time t and the vertical motion w' (t + 


associated with the same mass at time t Thus, by definition of a cor** 
relation coefficient 





( 6 ) 


We now proceed to attach a physical meaning to the yariation of with 5- 

4 — In a turbulent fluid, the length I, which, following Prandtl (loc. cU.) we 
term the “ mixing path,” corresponds to the “ free path ” of the kinetic theory 
of gases. It is “ the path traversed by masses of the fluid relative to the rest 
of the fluid before they lose their individuality again by mixing with the 
turbulent fluid by which they are surrounded.”* 

The collision dynamics of the kinetic theory admits of a precise definition of 
the molecular free path as the distance traversed by the molecule between 
successive collisions. No such precision appears to be feasible in the present 
connection, since we must admit the possibility of mixing being a continuous 
process which takes place at all points on the path. We are also confronted 
with the difficulty of framing a mathematical definition of “ mixing.” 

If we fix our attention upon a particular eddy, it seems reasonable to assume 
that the eddy shares out its excess or defect of matter, heat, or momentum 
whilst blending with the surrounding fluid until a stage is reached when the 
blending has proceeded so far that it becomes impossible to distinguish the 
eddy from the main body of the fluid, and it ceases to act as a transport agent. 
We may express this mathematically by saying that the correlation between 
its initial vertical velocity and its subsequent vertical velocity is continually 
decreasing, until at the end of the rniving path, all correlation has disappeared. 
That is, the eddy has mixed with the surrounding fluid so that an interchange 
of characteristics has taken place, and the later motion of the mass of fluid 
constituting the eddy tends to be governed by conditions which are unrelated 
to the original impulses causing the early motion of the eddy. Mixing may, 

* Prandtl, “ The Physios of Solids and Fluids,” p. 278. 
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tiherefore, be defined in onr case as a loss of correlation between the initial and 
subsequent relative motion of the eddy, and the mixing path may now be 
defined as the distance through which the eddy moves during the period 
necessary for the correlation between the velocity relative to the mean motion 
at the beginning and at the end of the path to vanish or become negligibly 
small. 


6 — Let Iq be the time taken by the eddy to transverse the vertical distance 
It has been shown by Taylor* that 

w* {^) w' (t + 5) (0 j (5) (8) 

But 

w'l = w* (t) [ w' (5) 

Jo 

so that 

* (7) 

Jo 


so that 


We have now to assign a suitable form for R^. The conditions that have to 
be satisfied are clearly, in view of the meaning attached to R( above : 

(i) R{ =: 1 for 5 == 0 1 

(ii) R( decreases as ^ increases • . (8) 

(iii) R^ is negligibly small for ^ 


In a previous paperf dealing with the diffusion of matter in a turbulent 
medium, the writer has shown that expressions which appear to fit the facts of 
observations on the distribution of smoke or other suspended matter in the 
atmosphere are obtained by taking for Rf a simple form equivalent to 


where n is a positive constant. In the present treatment it has been found 
necessary to modify this assumption somewhat, and R^ has been taken to 
behave like [(w)®?]"”* This modification does not affect the form of the 
expressions previously obtained for the distribution of matter, but necessitates 
a slightly different definition of the diffusion coefficient. The present work 
may^ therefore, be regarded as a continuation of the previous investigations 
on the diffusion of matter. 


* Loc. ciu p* 207. 

t ‘ Pioo. Roy Soo.,’ A, voL 136, p. 143 (1932). 
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W© define as 

R,- 

the quantity v being a constant of dimensions and small compared with 

Since Taylor*^ and Scrasef have shown that in the lower atmosphere 
is proportional to («)*, it will be seen that Rf behaves like [(m)® 

It will be shown later thfit v can be identified as the kinematic viscosity of 
the medium. In the atmosphere, v is of the order of 10”^ cm*/sec, whilst 
u/® is of the order of 10^ cm®/sec® under normal conditions. The time 
estimated from the wind tunnel experiments of Relf and Lavender, J and from 
Scrase's§ measurements in the lower atmosphere, appears to be greater than 
secs, and thus w'\ is greater than 10® cm^/sec. We are thus justified in 
assuming that v is small compared with ttf'^t^when v is taken to be the kinematic 
viscosity of the air. We have still to enquire if Rf is small for ^ It will 

be shown later that in the absence of thermal disturbances, n — J and so, 
taking v)*H^ = 10® cm^/sec y^e find R^^ =0-l approximately. Sucli a value 
for Rf indicates an almost complete absence of correlation and condition (iii) 
of (8) is thus satisfied in practice.il In the presence of convection currents, n 
decreases, but since at the same time the magnitude of increases, it is 
probable that the effects balance each other and so keep Rf, small. 

6 — The functional form which has been suggested here for Rf has several 
advantages. In the first place it is, mathematically regarded, perlmps the 
simplest type of function satisfying conditions (8) which leads to tractable 
expressions when substituted in the differential equation of transfer. Secondly, 
there is the advantage that, starting from the expression for Rf as a simple 
power, with one adjustable constant n which specifies the rapidity of mixing, 
and is thus a simple measure of the degree of turbulence present in the medium, 
we reach expressions for the distribution of the elements in a turbulent fluid as 
simple power laws. Most of the experimental work on turbulence has been 
expressed in terms of power laws, and thus comparison with experimental 
data is facilitated. It is probable that R( can be represented by a power 
series in wMch (9) is the dominant term, and for the present it appears that it 
is unnecessary to retain any other terms, 

* ‘ Q, J. Roy. Mot. Soc.; vol 53, p, 201 (1927). 
t Meteorological Office, Oeopbys. Mem. No. 52 (1930). 
t ‘ Advisoiy Ctoe. Aero., R. and M.,* No. 697 (1918). 

§ Loc. cit., p. 16. , 

t| See J). Brunt, “ The Combination of Observations,** 2nd od., p. 167. 
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In the above expression for the quantity » is an indicator of the degree 
of turbulence present in the medium. It appears that, to a first approximation, 
n is independent of the mean velocity and the height, and is primarily aSected 
only by those factors which tend to damp out or enhance the turbulence. For 
meteorological purposes, n is thus to be regarded as a function of the vertical 
gradient of temperature and of the roughness of the surface, and at present it 
does not appear possible to express the variation of n with these factors other 
than empirically. It is, however, easy to see that, to ensure physical reality, 
n must be restricted to lie between 0 and 1. For, considering the scatter of a 
group of particles in a turbulent medium, Taylor* has shown that, if X be the 
vertical distance travelled by a particle in time T, then 

JO jo 


or, approximately, using our definition of R^, 


X2 = 


2v» 

(1 •-- n) (2 - n) 




since X® is essentially positive, and the scatter of the particles must increase 
with time, it is clear that n must lie between 0 and 1. 

We have now 





= _jL_{(v+ 

1 — n 


Since v is assumed to be small compared with and w < I , we may write 
the above as 


w'l:^ 





( 10 ) 


the terms neglected being of the order v at the most. This approximation 
really amounts to neglecting molecular forces in comparison with eddy forces. 

7 — It does not appear possible to give a rigorous expression for in 
terms of the mean velocity and the height unless we know how depends upon 
the boundary conditions and the stability of the motion, and the marmer 
in which u depends upon the height. Wc may, however, obtain a reasonable 

♦ * Proo. Lond. Math. Soo./ vol. 20, p, m (1922). 
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approximation in the following manner, in whiolx use ia made of ideas due to 
Ptandtl* and Th. v. KArmAn.-j- 

If I w' I denote the absolute magnitude of the vertical component of the 
eddy velocity we have, following Prandtl, 


where V is an individual mixing path. Hence 




dz 


where I is the mean mixing path. It has been shown by Hesselberg and 
BjordkalJ that the eddy velocities are distributed according to Maxwell's law. 
Thus we have the well-known relationship 

and so 

The time to is given by 

<0 = 


§ 


Replacing w' by its mean absolute value | |, we have 



approximately. Hence 

= iwl* 


It has been shown by v. ElArmAn (loc. eU.) and also by Betz§ that the assump- 
tion that the eddy velocities at difEerent points in the region are dynamically 
similar leads to a particularly simple expression for 1. Making this assumption 
in our case we have v. KArmAn’s expression 


I 


k. 


i dz 
d*u 

aV* 


( 11 ) 


* “ The Fhyaiog of Solids and Fluids,” p. 278. 
t ‘ Naohr. Qcs. Wiss,, Qottlngen,” p. 68 (1080). 
t ' Beitrage Fhys, frei. Atmos.,* vol. 16 (1029). 

§ ‘ Z. angew. Math. Meoh.,’ vol. 11, p. 801 (1981), 
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where A; is a dimensionless constant, whose vdue is approximately 0*4. Thus 
finally 


w'\ = O'OSTt I 


/ 

du 


a*u 

1 

dz 

) \ 

02* 


-* 


approximately. We thus dedxtce as our expression for the interchange 
coefficient 


i-» -’{(If IT 


A =! ptti » _ y w 

1 — n 

- (0-251)^-" 


02* 


»|l-« 


( 12 ) 


The Variation of Wind with Height 

8 — It was conjectured by Schmidt, and has recently been proved by Ertel*, 
that if the interchange coefficient has in the lower layers of the atmosphere 
the form 

A( 2 ) = A(l)(y'r, 




then the law of variation of wind with height is 

yip 

\Zl) 

where A (1) and are the values of the interchange coefficient and the mean 
velocity at a fixed height Zi^ This implies also that 

A ( 2 ) == constant 

cz 

in the lower layers of the atmosphere. Substituting (12) for A (z) we find 

from which we deduce the law of variation of wind with height as 

« = «i (13) 

on the assumption that there is no velocity at the surface (u = 0 for 2 = 0). 
For n « 1, (13) yields the form of the law for A = constant, viz.. 


VQU tSI<7X.~ra. 


3 0 


w = ttiS/Zj, 

* ‘ Met. Z.,' vol, 80, p. 886 (IMS). 


( 14 ) 
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while as n approaches zero, the law tends to the form 

M = Ui, (16) 

1 . 6 ., a velocity constant with height. 

A considerable amount of research has been devoted by meteorologists to 
the question of the variation of the wind with height near the surface of the 
earth, and it appears to be well established that, except perhaps in the im- 
mediate vicinity of the surface (within a few centimetres of the ground), the wind 
structure is represented by a power law such as (13).*^ The interest lies in 
the question as to whether or not all possible variations axe included in the 
Unuts set by (14) and (16). 

It has been shown by the present writerf and by Barkat AliJ that the index 
occurring in the power law of wind structure is subject to a marked diurnal 
variation. This is particularly evident in the curves given by Barkat Ali, 
where, in one instance, the variation in the index is from 0*87 at midnight to 
0*02 at noon. This range is included in that which is covered by the index 
n/(2 — n) of equation (13) for 0 < » < 1, 

It is obvious that changes in the value of the index are associated with the 
diurnal variation of turbulence in the lower atmosphere, which in turn is 
associated with the diurnal variation of the vertical gradient of temperature. 
The variation of the index with the vertical gradient of temperature is shown 
in the papers by Barkat Ali and the present writer quoted above, and reference 
may also be made to the very detailed investigations carried out in recent 
years at the Royal Airship Works, Cardington. In the memoir§ dealing 
with these investigations the ratio of the mean wind velocity at 160 feet above 
the ground to the mean wind velocity at 50 feet above the ground is tabulated 
for various temperature differences between heights of 143 feet and 4 feet 
above the ground. From this table it may be calculated that, assuming the 
power law of wind structure to hold over these heights, the index varies from 
0-009 for the greatest lapse (temperature decreasing with height, i.c., very 
turbulent air) to 0-62 in the greatest inversion (temperature increasing with 
height, i.e., air in which turbulence tends to be damped out). These values, 
which represent the collected results of several years' observations, again lie 
within the range indicated by the theory. 

* The evidence for power laws of wind structure has been summarheed by R. Geiger 
in “ Baa Klima der Bodennahen Luftsohicht,” p. 70. 

t * Q. J. Roy. Met. 8oc.,’ vol. 68, p. 74 (1932). 

t Ibid,, voJ. 68. p. 286 (1932). 

§ ** Meteorological Oflftoe, Qeophya, Mem./* No, 54 (1932). 
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To sum up, it may be said that the wind structure near the ground is repre- 
sented by the equation 



in which n varies from a value which is nearly zero to one which approaches 
unity. The quantity w is to be regarded as a function of the degree of tur- 
bulence present. For meteorological purposes, this is best expressed by the 
statement that n is primarily a function of the vertical gradient of temperature 
and also, but almost certainly to a lesser degree, of the roughness of the ground. 


Comparison with Pipe Flow Experiments 


9 -Much of the above analysis may be equally well applied to problems 
connected with the flow of air in pipes* or wind tunnels, a subject which has 
received a considerable amount of attention from the experimental standpoint. 
In these problems, thermal influences are absent, and n is thus a function of 
the Reynolds’ number and of the degree of roughness of the pipe only. It 
has been found by experiment that n varies but slowly with the Reynolds’^ 
number, and for most purposes may be considered as an absolute constant in 
these problems. 

The shearing stress in the air in the pipe is given by 

T-AWj;. 


where z now denotes distance from the wall of the 
this is 


1 •— n Ws / \dz^ ) 


pipe. 


From (12) and (13) 


(0-251) 


l-H 




(1 — n) (2n 


(2 n)" ' z. 


p :rn ^ 
1 


2-n 


( 16 ) 


Large numbers of experiments on pipe flow have shown that for smooth tubes 
and for a wide range of Reynolds’ number the velocity varies with distance 
from the wall according to the lawf 

M = 

* Ck>mpari8onfi between pipe flow and natural winds in the atmosphere have been made 
by Prandti and Tollmien^ ‘ 2. Qeophysik,,* jahrg. 1, heft 1/2 (1925) and by Bryant, ‘ Aero. 
Bee, Ctee,, R, and M,’ No. 1047 (1931). 
t ** The Physics of Solids and Fluids,” p, 281. 
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Comparison with (13) shows that 

n 

2~n 


1 

7 


or 

Putting n = i in (16) we find 


n=i. 


0-020 

*1* 


pv‘ «,* 


The experimental result is* 


0-023 
T = — r— 


PV Ml’, 


where is the Idnematic viscosity of the medium. This enables us to identify 
the constant v which has been used in the definition of as the kinematic 
viscosity of the medium. 

The closeness of the agreement between the numerical constants 0*020 
and 0*023 in the above expressions is probably accidental, in view of the 
approximate methods which have been employed to deduce the expression for 
w'% in terms of the height and the mean velocity, but the fact that these 
constants are of the same order of magnitude may be taken as an indication 
that the theory as developed above is in reasonable accord with fact. 


Pabt II~EVAno»ATION 

1 — The hydrodynamical aspects of the problem of evaporation into a 
turbulent medium under varying degrees of turbulence have received somewhat 
meagre treatment, despite the fact that a very large number of investigations 
has been carried out on the experimental side. It is proposed in the following 
to investigate the natural evaporation from a plane horizontal surface, using 
the theory developed in Part I of this paper, and making the assumption that 
the transfer of mass in a turbulent atmosphere follows the same laws, and is 
governed by the same interchange coefficient, as the transport of momentum. 

The present investigation is confined to two problems— 

(i) the variation of the rate of evaporation with the size and shape of the 
evaporating surface; 

(ii) the variation of the rate of evaporation with the mean wind velocity 
in air streams possessing varying degrees of turbulence. 

♦ The Physios of SoUds and Fluids,” p. m 
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Both of these questions are of interest in meteorology, and, in particular, the 
first problem is of importance in that it introduces the scale factor which is 
required in assessing the rate of evaporation from large areas, such as reservoirs, 
from observations upon small scale areas, such as the evaporimeter as Tised at 
many observatories. 

These problems have been attacked by Jeffreys* for the case of a constant 
interchange coefficient, and a wind independent of height. Jeffreys’ results 
are (i) the rates of total evaporation from surfaces of the same shape and the 
same orientation to the wind are to each other as the three-quarter powers of 
their respective areas, and (ii) the rate of evaporation is proportional to the 
square root of the wind velocity. 

It is well known that the interchange coefficient shows a considerable 
variation with height under normal conditions in the lower atmosphere. 
Further, whilst under conditions of very large temperature inversions, the 
stable density gradient may damp out most of the eddy motion and the 
atmosphere approach a state of streamline flow (constant interchange co- 
efficient), under such conditions the shear of the wind is most marked. It is 
therefore necessary to generalize Jeffreys’ results as so to apply to the case of 
evaporation in a turbulent atmosphere in which the interchange coefficient 
is given by (12) and the wind structure near the surface by (IS). 

2 — Let the evaporating surface be level with the surface of the earth, and 
let it be of such dimensions that it produces no sensible variations in the normal 
wind structure, and also such that the increase in the vapour content of the 
air, as it flows over the surface, is never large enough to affect the rate of 
evaporation from the leeward side of the surface. In practice this latter 
limitation, owing to the rapid air exchange taking place normally over the 
surface, would exclude from our consideration only very large natural 
surfaces. 

When the evaporating liquid is one whose vapour is not a normal con- 
stituent of the atmosphere, let y (a?, y, z) be the amount of vapour present per 
unit volume of air. If the evaporating liquid be water, x naust be defined as 
that portion of the air mass per unit volume of the atmosphere which is due 
solely to water vapour evaporated from the surface considered. With these 
definitions, x vanishes at great heights and is zero at all points to the wind- 
ward of the surface. 


* « Phil. Mag.,’ vol 35, p. 278 (1918), 
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Let X be measured downwind from the windward edge of the evaporating 
surface, y across wind and z vertically upwards as before. Let u be the mean 
wind velocity ; we again assume that w is a function of height only. 

The equation for the diffusion of vapour from the surface is 


where 


f if “ £ 1} + 5 {* <»' |} + 1 1} ■ <"> 


Df dt dx dy dz 


A (x), A (y), and A (z) being the interchange coefficients in the directions x, y, 
and z respectively. 

Following Jeffreys, we consider only the two-dimensional problem obtained 
by neglecting 


1 

dx 


{aw|} ..rf |{aw|} 




in comparison with the remaining terms, and since x is measured along 
the direction of the mean wind, it follows that t? =s: S = 0. Equation (17) 
thus becomes, in the steady case {^!dt == 0) 




(18) 


this being the equation (with u and A {z) constant) which is considered by 
Jeffreys. 

Substituting (13) in our expression for A (z) we find 


A(z\ = (0-251)^-" (2-n)^ 


(1 — n) (2n — 2)' 
= poui^“" z , say, 


i2a-») 


pv 




(19) 


in which a is a quantity which depends only upon n and the physical con- 
stants of the atmosphere, and which will be treated here as an absolute con- 
stant. It is important to notice that a does not depend in any way upon «x. 
Thus equation (18) becomes 



or, writing m = n/(2 — n) 
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3 — ^In order to formulate the problem mathematically, we assume that (i) 
at the evaporating surface x — Xo (which may be regarded as the saturation 
value) and (ii) no vapour arising from the surface is present to the windward 
of the surface, so that x — 0 for x < 0, 2 ^ 0. The presence of vapour at the 
actual evaporating surface must be regarded as being due to the action of 
molecular diffusion in a very thin layer of air immediately above the surface, 
since the eddy motion has been assumed to vanish on the plane z = 0. These 
assumptions introduce a discontinuity in y at the point x = 0, z — 0, but 
elsewhere they are physically acceptable, and, as will be shown, lead to results 
which are in good agreement with experimental data. They are also the 
simplest mathematical assumptions we can make. 

Let Xq be the length of the evaporating surface downwind. Then we require 
a solution y (x, z) of equation (20), valid in the semi-infinite strip 0 < x 
0 < z such that 

(1) limx(a:, 2) =Xo (0<a:<Xo) 

(2) lim X (a?, 2 ) = 0 (0 x 

(3) lim X {x, «) = 0 (0 < 2 ). 


Make the transformations 


Equation (20) becomes 



h Jr- —l—h 


( 21 ) 


and the boundary conditions (1), (2), and (3) now become 


(1') 

lim X (5, 0 = Xo 

0 

A 

/A 

(2') 

limx(t 0--0 

(0 < ^ < 1) 



(3') 

limx{ti:)=0 

(o<!:). 


The evaporating surface is now defined by 0 5 ^ 1, = 0. It is to be 

noted that none of a, Xq occur explicitly in the problem constituted by 
equation (21) and the transformed boundary conditions (1'), (2'), and (3')> so 
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trliat if F (^, 2^) is the solution of this latter problem, the solutioa of the original 
problem is 


X (“■. 2) 


f(*, 


1*0 

XoXq/ ) 


(22) 


We now proceed to find F (^, I^).* 

In equation (21) write 

a 

where 


_ w _ n 
^ “ 2»» + 1 2 + n 


so that, since 0 < w < 1, we have 0 <! p <C 1/3- Then 


an a*fi lan 

- 3!? ^ dz 2? 


It is easily verified that 


0(5, 2:)--= 



exp 


Z‘ + ^^ 
4(5-*) 



(23) 


where K„ (w) denotes the Modified Bessel Function of the second ltind,t is 
a solution of (23) for all values of the constants *, a, and C. Taking * := 0, 
and choosing C as a suitable function of a, we are led to the expression 


F(5. 2:) = 2:'’ 0(5, 5) 
=!5tot,anp,r2;*’ f“ 

7C Jo 



(5« + 4a«) 

45 



da. 


Using this, we can easily show by making use of the expansion of o>^p (co) 
near co =0, and the asymptotic expansion of K„(<o) for large positive <o, 
that F (^, 0 satisfies equation (21) for 0 < ^ ^ 1, 0 < ^, and that 

(i) F (5, C) Xo ^ for 0 < 5 < 1 and also for 5 0 with provided 

that ->0. 

(ii) F 0 ^ for 0 < 5 < 1. 

(iii) F (^, 0 0 as 5 0 for 0 < and also for -► 0 with provided that 


♦ The actual form of F (5, l^) ie not necessary for the results we wish to obtain. How- 
ever, since the discontinuity in the boundary conditions makes a direct appeal to the usual 
theorems of existence and uniqueness of solution impossible, it seems simplest to construct 
the solution whose existence is implied. An outline of the construction is theiefbre given 
above. 

t Whittaker and Wats<m, “ Hodem Analysis,*’ Srd ed., p. 373* 
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These are sufficdent to establish the validity of the treatment which follows, 
in which the object is to establish the scale factors and the wind velocity law 
only. 


We have 


X 


{X, a) = F 


txo’ 



The mean quantity of vapour passing in unit time through a unit surface 
perpendicular to the direction of the mean wind is y(U ; hence the total mass of 
vapour removed in unit time (i.e. , the rate of evaporation) is found by integrating 
this quantity over the height of the atmosphere. We have, then, for the mean 
amount of vapour carried across the plane x == Xo in unit time 


where 




dZ 


Jo “^W) 

Jo 'axgi 2S+i 

— 3 4 

Ui ' a» t i (axj)s*<«+i K, 




^ tm+l 


is a constant, independent of a, and Xq. 
Since m — nl{2 — n) we get 


m + 1 _ 2 

2m + 1 ^ 2 + n ’ 


n (m -4- 1) _ 2 — n 
2m "b 1 2 -f" n 


Hence the mean rate of evaporation from a surface of unit breadth and length 
Xq downwind is 


_ _l_ JL 

E == Kmj " os+»*Xj*+«. 


4 — We shall now consider certain special cases. 

(1) Rectangular area, length Xq downwind, and breadth yg aorott wind — ^The 
evaporation firom a strip length Xg downwind and breadth dy across wind is 

_ 2 -tt e _g_ 

dE = KU|5^ ®g^+^ dy. 
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Heuoe the total rate of evaporation from the whole area is 

2 -« 2 2 

E = J dy == 

(2) BlMpUc area, semi axes {dmonwind), <md (across mnd)— As above, 

we have for a strip of length x and breadth dy 

^ JL 

dE = Kwi2+« a^+M a;2+n dy. 


Writing a; = (1 + cos 6) y = sin 0, the total rate of evaporation is 

E = Kmi 2 +« as+« I (1 + cos 0) rj cos 0 dO 

Jo 

_ _2. 

= a2+n rj2+H 


where 


K' 


\/n 22+« < 


r2r 


J 1 4 + 2n / 

\4 + 2n/ 

('6 4-2») 


L \ 2 + n / 

2 -f- rtl ^ 


^K. 


(3) Circular area, radius r — This is immediately deduced from the elliptic 
area case by putting = r. We have 

_ 2 4+n 

E = K'«i*+" os+" r2+<» . 


In general, we have the result that for similar figures similarly orientated 
with respect to the direction of the mean wind, the mean rate of evaporation 
li.? 

is proportional to L^+n, where L is a linear dimension. 

We are now able to supply an answer to the two problems. Thus if the 
wind structure near the surface be represented by an equation of the form 



then the mean rate of evaporation imder steady conditions varies as UiS+n, 
and if L be a linear dimension of the evaporating surface, then the rate of 
evaporation from similar figures similarly orientated with respect to the 

i±2 

direction of the mean wind varies as 
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Comparison with Experiments 

5”’-(a) The Effect of ike Dimensions of the Evaporating Surface — The only 
investigations which appear to have been made upon the effect of the dimen- 
sions of the evaporating surface upon the rate of evaporation are those of 
Gallenkamp,* and Thomas and Ferguson.f Gallenkamp, in his indoor experi- 
ments upon the rate of evaporation of water, arranged shallow rectangular and 
circular vessels upon a cross which was rotated in the stagnant air of a labora- 
tory, so that the linear velocity of the air past the dishes was between |>n/sec 
and Iw/sec. It is fairly certain that at such slow speeds the motion of the 
air relative to the dishes is almost non-turbulent, so that the diffusion of 
vapour is entirely by molecular processes and the interchange coefficient 
becomes the (constant) coefficient of molecular diffusion. The dishes used by 
Gallenkamp varied in their diameters from 2 cm to 8 cm. Jeffreys (ioc. ciL) 
concludes that for indoor experiments the problem of evaporation may be 
treated as two-dimensional provided that the radii of the areas lie between 
1 cm and 25 metres, so that we are justified in applying our results to Gallen- 
kamp’s experiments. 

In our equations, the solution for A = constant has the same form as that 
obtained by putting w = 1 in the results. Thus the theory gives for evapora- 
tion due to the molecular diffusion of vapour from rectangular areas 

E == Km,* a* tfo- 
Gallenkamp found the relation 

E « a5o® *yo 

in good agreement with the theoretical result. For circular dishes the result 
obtained was 

E a ri *, 

where r is the radius of the dish. The theory gives 

E X 

also in good agreement. 

The experiments of Thomas and Ferguson, which are mainly concerned with 
the “ rim ” effect {i.e., the variation of the rate of evaporation with the depth 
of the surface below the rim of the vessel), may also be shown to be in fair 
agreement with the present theory, by making use of methods due to Jeffreys 
(loo. oU., p. 276). 

* ‘Met.Z.,’vol.36(1919). 
t ‘ Phil. Mag..’ vol. 84, p. 808 (1917). 
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The above are controlled laborator 7 experiments, and the present writer 
has been unable to find records of any experiments upon evaporation in the 
open with simultaneous records of wind gradient. Certun wind tuimel 
experiments, giving the rates of evaporation in turbulent air are available, and 
these will be dealt with next. 

(b) The Effect of Wind Vdocitjf — ^The problem of evaporation into turbulent 
air under controlled conditions has been studied by Himus* and Hinef who 
have made measurements on the loss of weight from dishes containing various 
liquids placed in wind tunnels, using velocities well above the critical. 

In a turbulent medium, in the absence of thermal influences, the variation 
of the mean velocity with height above a fixed surface, for a wide range of 
Reynolds’ number, is given by 



Comparing this with (13) we find w = |. Hence, if the above theory is correct 
we should find 

Ex = Mj®'’'* approximately, 

where is the velocity at unit height. It is clearly immaterial, if we are 
considering a pipe of constant dimensions, if we replace % by where u„ 
is the mean velocity over the cross-section. Hence we should expect 

E « u„®-«. 

Himus, as the result of a long series of carefully conducted experiments on 
water gives as his final result 

E X 

which is in excellent agreement with the theory. 

As far as the writer can ascertain, the only results which have been published 
on the effect of wind velocity on the rate of evaporation of liquids other than 
water are those of Hine, who employed nitro-benzene, toluene, »i-xylene, and 
chlorbenzene. Hine’s results, expressed in mols per hour divided by the 
vapour pressure (which enables different liquids evaporating at different 
temperatures to be compared), have been groux>ed for like vrind velocitiee 
and plotted logarithmically against tiie wind velocity in fig. 1. De^ite 
a somewhat large scatter of points, there does not appear to be any pro* 

* Inst, of Chemical Engineers, Conference <ai Vapouf Absorption and Adsorption (1929). 
t * Phys. Rev.,’ voL 24 (1924). 
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nouneed cuirroture, and bo we conclude that the rate of evaporation is pro^ 
portional to a power of the wind velocity. The line corresponding to 

has been drawn bo as to take its optimum position, and it will be seen that 
there is fair agreement between theory and practice. For the sake of com- 
parison, the line corresponding to E x (a relation assumed by many writers, 
including Hine) has been drawn so as to pass through the main cluster of 
points. It is clear that this relationship is inferior to that proposed by the 
theory. 



Fig. 1 — ^The variation of the rate of evaporation with wind velocity. © nitrobcnasene, 
4* toluene, • m-xylene, B chlorbensene, — ^ E a ® 

Thus it appears that, despite a lack of confirmatory experiments, there is 
good reason for stating that the processes of evaporation, as regards wind 
velocity and size and shape of area, are coimected with the wind shear in the 
maimer set forth in the present theory. From this it appears that the transfer 
of momentum and the diffusion of matter in a turbulent atmosphere are 
governed by the same type of interchange coefficient, but the same conclusion 
does not seem to apply to the transfer of heat in the lower atmosphere. 
Besearches on the thermal structure of the lower atmosphere by A. C. Best 
appear to point to the conclusion that the bws of eddy conduction of heat 
near the ground cannot be deduced in the above straightforward manner fitom 
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the shear of the wind. In other words, in our general equation (4) E may stand 
for momentum in a fixed azimuth or mass, but not for temperature. For a 
full discussion of this point, reference must be made to a forthcoming memoir 
by Best. 

The writer wishes to acknowledge the valuable criticisms which he has 
received during the preparation of this paper from Mr. D. Brunt, M.A., Mr. 
E. LI. Davies, M.Sc,, and Mr. A. G. Best, B.Sc., of the Meteorological Office, 
and from Mr. W. G. L. Sutton, M.A., of the University College of Wales, 
Aberystwyth. 

Summary 

A theory of the transfer of momentum and mass in a turbulent medium is 
developed, which starts from the concept of an eddy as a mass of fluid which 
for some reason leaves its initial surroundings and moves as a discrete body 
continuously blending with the main mass of the fluid. The mixing path is 
defined as that distance through which an eddy moves relative to the main 
body of the fluid during the period necessary for the correlation between its 
initial and final relative velocities to become negligibly small. An empirical 
expression is suggested for the correlation coefficient and from this the law of 
variation of wind with height above the earth’s surface is deduced. The 
theory is then extended to the problem of evaporation, on the assumption that 
the diffusion of mass follows the same laws as the diffusion of momentum, 
and expressions are found which are in good agreement with experimental 
data. 
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The Annihilation of Fast Posdrons by Electrons in the K^Shell 
By H. J. Bhabha and H. R. Hubmk, Oonville and Caiun College, Cambridge 
(Communicated by R. H. Fowler, F.K. 8.— Received May 4, 1934) 

The probability of th(r simultaneous annihilation of a positron and an electron, 
with the emission of two quanta of radiation, has been calculated by Diracf 
and several other authors. From considerations of energy and momentum it 
follows that an electron and positron (;an only annihilate one another with the 
emission of one quantum of nwliation in the presence of a third body. An 
electron bound in an atom could, therefore, annihilate a positron, represented 
by a hole on the Dirac theory, by jumping into a state of negative energy which 
happens to l>e free, the nucleus taking up the extra momentum. The process 
is now mathematically analogous to the photoelectric transitions to states of 
negative energy in the s(mse that the matrix elements concerned are the same, 
and we might expect that the effect would be most important for the electrons 
in the K-vshell. Fermi and Uhleubec’kJ have (‘,alculat<Hl tlu.^ process approxi- 
mately, for the C/Onditiou where the kinetic eticrgy of the^ positron is of the 
Older of magnitude of tlu^ ionization energy of the K-shell. The result tliey 
obtained was very small (compared with the two quantum process, which is to 
be explained by the fact that for these small energies, the positron does not 
get near the nucleus, in view of the fact that positrons of energies of the 
order lOOr/tc® occur in considerable quantities iii the showers produced by 
cosmic radiation, and that the primary co.smi(^ radiation itself may consist, in 
part, of positroris, it becona's of interest to caknilate the (’.ross-s(iction for the 
annihilation of positrons of liigh energy by electrons in the K-shell, and their 
absorption in matter, and also to compare this process with the two quantum 
process for high energies. 

In the photoelectric effect for hard y-rays, the electron leaves the atom in 
states of different angular momentum (described by the azimuthal quantum 
number 1), and the terms which give the largest contribution are roughly those 
for which I is of the order of the energy of the y-ray in terms of 7nc\ For high 
energies, therefor(5, a calculation by the method of Hulme,§ in which 
the last step is carried out numerically, is out of the question, and we must 

t ‘ Proc. Cam. Phil. Soc.,’ voh 26, p. 361 (1930). 

X ‘ Phys, vol. 44, p. 510 (1933). 

§ ‘Proc. Hoy. Soc.,’ A, vol. 133, p, 381 (1931). 

3 E 


VOt. OXLVI.— A. 



724 


H, J, Bhabha and H. R. Hnlme 


find some approximate mtithod of effecting a summation. We shall use an 
adaptation of Sauter^sf method, in which we shall treat as small the product 
of the fine structure constant and the nuclear cliarge. This method may be 
expected to give a good approximation for small nuclear charge. Our method 
has the further restrii^ion that it is valid only when the kinetic energy of the 
positron is not S7mll compared with mc^. 

As stated above, we liave taken into account the interaction of the positron 
and the nucleus, and the electron and the nucleus. We neglect, however, the 
interaction between the positron and the electron. There is, at the moment, 
no adequate theory of this interaction. We further assume for the K-shell 
electrons, the wave functions of u iiydrogen-like atom in the ground state. 

In § 1 we give the general theory of the annihilation. It will there be 
shown that if we reejuire only the total anniliilation, and do not coiisider the 
direction of the emitted y-ray, then it is proportional to the total photoelectric 
effect from the K* shell to states of negative energy, assuming all these to be 
unoccupied. In § 2 we proceed to work out tliis stimulated photoelectric 
(effect, and in § 3 we discuss the results. 


§ 1. General Theory of the Annihilation 

The actual problem we are considering is the probability of the spontaneous 
transition of an electron from the K-shell to a state of negative energy, which, 
of course, can only happen if the state of negative energy is unoccupied. We 
therefore consider the atom in the presence of a beam of positrons. In the 
absence of the atom, the beam of positrons is represented by a plane wave, but 
in the presence of an atomic nucleus this is slightly perturbed, and we must 
express the beam, not as a plane wave, but as a superposition of a number of 
states with wave functions ^ (E, b m). Here, (E, I, m) is the wave function 
of an electron of energy E, with azimuthal quantum number Z, and magnetic 
quantum number w, in the presence of a nucleus. A pure plane wave, 
associated with an energy E, cannot be expressed in terms of the wave functions 

(E, h m), since these are of the form exp (ikt n log 2K:r) for large values of 
r, but we can make our wave function, obtained by superposition, approximate 
as closely as we like to that of a plane wave, by taking r large enough ; that is, 
when the perturbation due to the presence of the nucleus is sufficiently small. 
It would be possible to express the plane wave in terms of ^ (B, Z, m) if we 

t ‘ Ann. Physik,’ vol. 0, p. 217 (1031) ; referred to as A ; vol. 11, p. 454 (1931), referred 
to as B, 



Annihilation of Positrone by Electrons 


726 


had the complete energy range at our disposal, but we do not wish to do this, 
as each positron is to be regarded as an unoccupied state 4* (B» h w)> the whole 
approximating to a plane wave at great distances only. The states tj; (E, I, m) 
occurring in the beam may now be considered as unoccupied, and the required 
transition probability may be calculated. 

For an atom in the ground state, with two electrons in the K-shell, this 
transition probability is independent of the direction of the beam of positrons. 
We may, therefore, average over all directions of the beam, or, what is equiva- 
lent, we may consider the atom in an atmosphere of positrons, so that the 
probability of collision of any particular positron with quantmu numbers I, m 
is the same ; that is, the probability of any particular state 4 (E, I, rri) being 
free is independent of I and m. This may be justified by actual expansion 
of the plane wave in terms of 4* (E, I, m), and subsequent averaging over all 
directions of the wave. 

A considerable simplification is thus introduced, as we may now calculate 
the transition probability as if all the states of negative energy were free, and 
then multiply by the factor giving the ratio of the actual number of collisions 
(of positrons) to the number occurring if all the states of negative energy were 
free. 

Let us now consider the calculation of this ratio, which we shall call 0. 
Suppose we have a beam of positrons such that one crosses unit area normal 
to the path per second, per unit energy range. As stated, wc may consider 
the beam averaged over all directions, and then we have the number in any 
element of solid angle, dco, crossing unit area normal to the path, per second, 
per unit energy range as The wave function of such a stream, confined 

to a small element of solid angle, do around the x-axis, and containing positrons 
of energies lying in the range E to E + dE, is 

where p is the momentum of a positron, A is a matrix of one row and four 
columns if we use the Dirac wave functions, and 

AA* — 

47W 

V being the velocity of the positrons. 

If all the states of negative energy are unoccupied, then in each element of 
phase space of volume dx dy dz dp, dp^ dp, there are 


3 K 2 


(2//*®) dx dy dz dp^ dp^ dp. 
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possible states for the electron. On transforming to polar oo-oidinates this 
{2jh^)ji^dpd(i>dxdydz., 


The wave function of the part of these states which are confined to a small 
element dw along the a;-axis and to the momentum range p to p + dp ia 


therefore 

where 

The ratio 0 is given by 


gg2»r»paj/^^ 


BB*^(2/h?)p^dpdo^. 

e-AA*/BB* 


87./ 


( 1 ) 


since dE —v dp. 

Suppose now that the atom is in a beam of y-rays confined to a small solid 
angle da, such that the total energy which crosses unit area normal to the 
direction of propagation is one erg per unit energy range per second. Let 
be the probability of an electron being stimulated by this beam to make a 
transition from the K-shell to a state of negative energy, assuming all these to 
be unoccupied. We arc interested in the corresponding spontaneous transition, 
and the factor giving the ratio of the number of spontaneous transitions to the 
number induced by this particular beam, both taken per unit energy range, is 
easily found to be so that the munber of spontaneous transitions is 

(47cv®/c®)P,<, when all the negative energy states are unoccupitKl. 

Hence 



etif p 


(2) 


where N is the number of positrons absorbed per unit energy range from a beam 
of positrons such that one positron crosses unit area normal to the path per 
unit energy range per second. 


§ 2. Cahulation of the Stimulated Annihilation 

Let a beam of y-rays of unit intensity bo travelling along the a-axis, and be 
represented by the vector potential 


^ cos 27tVo (t — ') I 

V7t/ Vq “V c/ I 

Aj, = A, a= 0 j 


( 3 ) 
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The transitions stimulated by this beam, of frequency v^, will then be equal 
to the number of transitions stimulated over unit energy range by the beam 
of Y-rays considered in the previous section. 

Following Sauter,t we write the equation of motion of the electron in the 
form 


Ta 


and 


where 


Yi 




ic dt 


-*) + XEo+tY2>^A,}’F=0, 


E„ 


me* 


eh 


A 

137* 


'0 

0 

0 

1 ' 



0 

0 

— i' 

0 

0 


0 


0 

0 


0 

0 

-1 

0 

0 

. Y2 ="■ 

0 

i 

0 

0 

1 

0 

0 

0 


i 

0 

0 

0^ 

'0 

0 

— i 

J 

0'' 

1 

'1 

0 

0 

O' 

0 

0 

0 

t 


0 

1 

0 

0 

i 

0 

0 

0 

. Y4 = 

0 

0 


0 

0 

— t 

0 

oj 


0 

0 

0 

-1 


(4) 


We getf for Y, omitting the irrelevant part dealing with transitions to 
positive energies, 

Y = -f- 

with 

^ s f ^,4/0 'd volt ( 6 ) 

p m J 

where 

A = (2e/T:)^ Vo"’, 

and 4^a8. denotes the asymptotic part of the wave function of the unperturbed 
equation (4) containing exp(— i/cr). (For the definition of k see equation 
(10)0 This represents a diverging wave when the energy is negative, the part 
containing exp (wer) represents the converging wave in this case, and vanishes, 
as shown by Bethe.§ Our symbols have here the same meaning as in Sauter’s 

t Loc. A. 

J ^ ttt 4 '*Y 4 » matrix product of tbe conjugate complex of ^ and Y 4 . 

§ ‘ Ann. Phyeik,’ vol. 4, p. 443 (1930). 
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papers, tl'o initial state of the electron with energy E,, ij; = ij<* y«i and 

p=„/c = (l-Eo*/E»)i, 

where v is the velocity of the electron emitted. 

For the initial state we have two normalized solutions given by 


(6) 



' -^•Uo 


" 1 

+01 = 

0 

Vo cos e 

. +oa = 

u„ 

—Vo sin 0c~*'* 


^ — tVo sin 0e‘* 


[ — tVo 008 0 


where 


V — 

Vo - 2 


u„ = !» ® ' 1 


{6a) 


with 


N„ 




The solutions of the unperturbed equation (4), i.e., without the last term, we 
write in the form 


4^1 -N, 


«4> 


' i(l-m)Pi"*e*”"'-Ui ' 


' -t(/ + OT)Pr-,e‘"‘*Un " 

Pj"»+1 gilm+V'l: Uj 


J^+l XJjj 

-(l + m) Pr_i e*"* Vi 

, 4/11 = 

(1 — m) P,"* s'"** Vn 

- iPr_V Vi 

i 

_ jpm+lg<(«.+l)4Vii 


The normalizing factor for the angular part is given by 


and Pj” is defined by the equation 


in (1 + m) 1 


Pj^^sin’-e -j 


d \’*+‘ (co8« 6 — 1) » 


d cos 6/ 


2*11 


( 8 ) 


Following Gordon, t we write the normalized U, V, for the negative energy 
states in the form 


. (9) 


^ (' + ]fi) 


t ' Z. Physik,’ vol. 48, p. 11 (1928). 


(7) 



Annihilation of Positrons by El&^rons 


729 


with 


2n 


K=f(E*-Eo*)^ n 


toE 


and j ~ (Z* — a®)S (10) 


(9a) 


Ac'“ (E»-Eo®)^ 

where E is to be taken with its proper sign, and 

X == (^ Z + nEj/E) F (— n +j, ' + 1 ; 2iw) 

Y = (j — n)¥ {—n +i + 1, 2j + 1 ; 2wcr) 
the top sign being taken for the .solutions (I) and the bottom sign for the 
solutions (II). 

The asymptotic forms of U and V are given by 

U„. = I r i±L^) 

zyn I f.r(n+j) V J + « ' 

+ r(-«+i) ) ’ 

“ 2Vn r.T(n-f i) '• j + n ’ 


j + 

giKf -M log 2«r-4ifrA 

r(-n +7) / 


We notice that the first term in the curly bracket is not exactly the conjugate 
complex of the second, but has in addition the phase factor 


T Z + nEJE 
j + n 


say, 


of modulus unity. This is the cause of the increased complexity of our calcu- 
lation over Sauter’s. We require the part exp (— ikr), which we shall write 
in the form 


with 


/U'a,. \ / TZ + nEo/E \ 

/' j + n /’ 

rj' i (1 Eq/E)^ I r (w -f- j) [ ~Ur+n log 
2Vn r{n+j)^ 

V' =3 jr (w -f .j)| -i«r-mlog2,tf+»ir< / 

2^:^ T{n+j) / 


(9b) 


Our calculation now follows Sauter’sf more or less closely, except that for 
the important difEerenoe mentioned above, that we have exp (— 27«v^/c) and 
exp (— wr) in the expression (6). 

f We shonld like to thank Dr. Sauter for a letter giving us some of the detadls of his 
oaloulations. 
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We now get for (6), carrying out the integration, according as our initial 
state is (J/qi or 4'oa> expressions 


' i(F*e-'* + Gae‘^') ' 

^ “ - (F4 e-** + G« c‘*) ’ 

,:(F, + G3e*-^) 


I" t(Fi + GxC-«*) " 

(F,e** + G,e-‘*) 

-(Fa + Gge-***) 
-iCFae^-^ + Gae-'*)^ 


,( 11 ) 


where the F's and G’s are given by 


Fi=MsU'„,. 

4:p I 


?P,Ai -f l+J^9l^ lP,_,Aj 

3 + n j + » 


— TI' I ■ 

40 r 


F3=^E VV- - 

43 I I 


F.= ^SVV(. 

g,=Msuv(! 


G.-^X0V{. 


6a = ^S VV 
* 4p 7 “ 


G4-~SV\J- 


j + n 


F'l-iAa 


J + n j + n ^ M 


^ F,A, 

J + ^ J + n ^ * 

wE(i/F 1 ■r* , 


j + n l{l + l) ‘ » 

+ L±.^^n/E 1 p A I 

_ [_-«Eo/E l-J 
j + n + 

4. LiJilg/F J + 1 pj A \ 


Zl?tEo/E 1 

i 4- n J (i + 1) 

I 1 4- «En/E 1 


1 p A \ 

>4-n /(l-l) 


: - nE„/E 1 
j 4- w I 


PS~1 A, 
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with the A’s given by 

Ai == 27 rt J ( Vi* Uo Pi .. j + Ui* Vo Pj cos 6) rfr d cos 6 

Aj == 27 ri I ( Vir* Uo Pj + Un* ¥„ P,..i cos 6) c-**' V dr d cos 0 

. ( 13 ) 

Aj = 2 m J (Uj’» Vo P>i sin 0) e~ '^ '^'’^"r^drd cos 0 

A4 = 27 ri j (Un* Vq i sin 0) ^ r^drd cos 0 

writing 

9 = |+Eo(l-a«)l}. 

Those expressions are similar to those obtained by Sauter (equations ( 35 ) 
and ( 34 ) of A), the only differences being the presence of the phase factors 

T I + nEp/E __ 
j + n 

and the fact that we have exp (— igr cos 6) in the A’s, instead of exp (iqr cos 6). 
So far our calculation is exact, but it cannot be carried further without approxi- 
mations. We approximate by writing I in plac.e of j (l^ — a*)l in the expres- 
sions (6a), ( 9 ), (9a), and (12). We now make a second approximation, which 
is only valid in certain circumstances. We have 

„ _ I E I 

and tends to ia as | E | tends to infinity. For | E | ™ 2 Eo it is equal to 
2 ia/\/ 3 , and is less for greater values of | E |. We, therefore, consider it a 
quantity of the order a, which imposes the restriction that our further calcu- 
lation is not valid when | E | ^ It is valid for | E | 2 : 2Eo ; that is, 
when the kinetic energy, | E | — Eq, is not small compared with Eq. 

We expand the phase factors c in ascending powers of n, i.e,, virtually a, 
and approximate by taking the lowest power only, which is equivalent to 
putting the factors equal to T 1* 

With this approximation we should expect our results to be valid only 
when a (= Z/ 137 ) < 1 ; that is, for elements of small atomic number. 
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With this restriction, the quantities F, etc., can be evaluated as in Sauter a 
paper. We shall not reproduce the working, which is cumbersome but follows 
Sauter’s closely, the only difference being due to the presence of the quantity 
gjq) (_ iqr cos 0) mentioned above. 

We have, finally, keeping only the lowest terms in a. 


Fi == Mi 


i + T 


sin 6 


where 


Fa == Mi 


L±J fi -j- (1 - t) (1 + 2y); 


cose + ^^ ~ 

ra-Y*)* 


F3 = M 
F4 = M 

Gi-0. 

G» = Mi 


1+2y 


sin 0 


Hieo. 6-4+1?, 

Y Y (1 — Y®r 


(1-y¥ 


Gg = M [— sin 0], 

Gg = M [ - cos 0], 

AT_ C./« ain 0 

2V2?* (1 - PcosO)*’ 


writing Y for Eo/| E | — (1 — p*)*. 

These expressions differ from the corresponding ones in Sauter’s paper 
(equations (28) of B), in the fact that y has the opposite sign ; that is, in putting 
— E for E. The reason for this is that both these expressions are the first 
terms of a series in ascending powers of a, and to this order the factors c in 
(12) do not make a difference. Our next term would, however, differ from 
Sauter’s. p = c | p |/{ E |, has, of course, the same sign in both expressions. 

The density is given by 

4Y4'P — H + 2K cos 2^ ± 2L sin 2^, 
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tlie upper sign to be taken for the initial state and the lower for ^th 

(¥*v, + G*G,) ] 

K -= r| 2 G,* P, 

U-1 

L= l|s G,*F. 

where E, I denote the real and imaginary parts. For large distances from 
the nucleus the current, which is radial, is given by 

and on putting the expressions (14) in (15) we get for either initial state 



S,= 


20'^Cahe gg ain* 6 
ns P 




Y&in^ tj> 

(1 1. p cos 6)^ 


(1 + y) ^ 

2y (1 - P 008 0)» 

a+Y)* 


+ 


with 


(1 -- p cos 0)®J 


(16) 


CC* 


" AV ' 


to the approximation used. 

On integrating over a large sphere we obtain, for the total number of electrons 
crossing a large sphere about the nucleus per unit time, stimulated by radiation 
of unit inteixsity, the expression 


1 + 2y f 1 1 Y*,iog Y* r . 

AS* Y*L 3^y(1-Y)1 2P ®{1 + P)»JJ 


( 17 ) 


This again differs from Sauter’s expression in having y replaced by — y. 

We may expand the expression in square brackets of (17) as a series in 
ascending powers of ^ and get 



16 ^420 



the expression being always positive. 


§3. Results 

Multiplying by we get for the total number of annihilation 

processes with a beam of positrons of unit intensity falling on the atom, 
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i.e., the annihilation crose-section, due to two electrons in the K-shell, the 
expression 


mV 


a'»Z® 


(1+t)* 


4 , 1 +2y 

3'^Y(1-y) 




(18) 


where we have written a — a'Z for greater clarity. 

This expression, expanded in ascending powers of p, gives 


Ae2 


oc'^Z^ 



We should, however, emphasize that our expressions are only valid when the 
kinetic energy of the positrons is not small compared to their rest mass ; that 
is, for p 0 • 8 or greater. 

In the limit of very large energies, y 0, and we may neglect the second 
term in curly brackets of (18) compared to imity, and the first t/erm in square 
brackets compared to the second, and we get for the total annihilation due to 
two K electrons 

m 

= 6-8 X 10-“a'»Z* (19) 
1 1*- I 

This formula does not difier from the more exact formula (18) by more than 2% 
for energies greater than lOOmc* and the deviation is less than 15% for energies 
greater than lOmc*. 

We give a table of a, tbe annihilation cross-section (18), for various energies 
and elements of interest in experiments on cosmic radiation. 


Atomic number, Z .... 

8(0) 

13 (Al) 

26 (Fe) 

82 (Pb) 

a for ^2 

1’08 X 10-«» 

1*23 X I0-« 

3-93 X 10“*’ 

r23 X 10-** 

0 for © r* 100 

4' 59 X 10-M 

5-20 X 10-w 

105 X 10-** 

6 21 X 10-** 


The last column is only given as an indication, because here Z/137 can no 
longer be regarded as small compared with unity. 

We may calculate the rate of destruction in lead, given by cmv, where 
n — 3*3 X 10®^ is the number of atoms of lead per cc, and get 1*0 X 10® per 
second, which is in satisfactory agreement with the value of 10® given by 
Fermi and Uhlenbeck, for positrons of energy approximately 3fnc®, although 
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their nou-rektivistic calcuktion is not valid in this region, not because Z is too 
krge, as in our case, but because the velocity is too high. The agreement, 
however, serves to indicate that this vahie is probably of the right order of 
magnitude. Combining our results with those of Fermi and Uhlenbeck, we 
see that the annihilation cross-section is largest for an energy very roughly 
about 2mc*. 

It has been suggested by Rossif that in primary cosmic radiation, which 
seems to consist partly of positrons, these positrons may by annihilation give 
rise to secondary y^rays of high energy. If this be correct, the cross-section 
for such an annihilation process in lead can be calculated from the observed 
absorption coefficient of the primary radiation, 0*006 cm“^+ and we get 
0 — 1*8 X lO”^ cm®. These particles must have energies of at least KXM) wc®, 
and for such energies our theoretical cross-section (19) gives a value of 
0*05 X 10”®® cm®, a cross-section which is too small, although our approxima- 
tions are not valid for lead. Wo may further calcukte the probability 
of a positron being annihilated in its passage through the atmosphere by 
this process, and get, for positrons of energy 1000 a probability of 
1*2 X 10"’. We must remember, however, that the Dirac equation cannot 
be expected to describe phenomena accurately for energies greater than 
about 137 

Lastly we compare our formula (18) with the formula of Dirac {loc, ciL) for 
the cross-section per atom for annihilation by the two quantum process, 


Tce^Z 1 g® -f- 4a -f 1 

m^v a (a + 1) L (g® - 1)^ 


log{a + (g® — 1)«} — (g + 3) . 


Here a is the energy of the positron in units of nic^, and not, as above, Z/137. 
We see that for large energies this cross-section is proportional to 



whereas ours is proportional to wc®/j E |, so that for increasing energies, the 
ratio of these two will increase. Further, this cross-section is proportional 
to Z whereas ours is proportional to Z®, so that the two quantum process will 
be relatively more important for the lighter elements. For energies 2wc® and 
lOOmc® we get annihilation cross-sections per atom in oxygen of 1 *88 X 10“®^ 
and 0*90 X 10“®* cm®, and in lead of 1*93 x 10“®® and 0*92 x 10”®^ cm® 


t ‘ Nature,* voJ. 132, p. 173 (1933). 
t Bhabha, ‘ Z. Physik,’ vul. 86, p. 120 (1933). 
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respectively, due to the two quantum process. We see, therefore, that even 
for lead, the two quantum process is roughly 20 times larger. For oxygen, 
the two quantum process is greater by a factor of order 10®. 

This calculation was begun in Cambridge, and finished by one of us (H. J, B.) 
at the Institute of Physics in Kome, and he would like to thank Professor E. 
Fermi for the vfiry pleasant and instructive time spent in the institute, and 
for suggestions in the writing of this paper. 


Summary 

The rate of annihilation of fast positrons by electrons in the K-shell is 
considered. The probability of a stimulated transition of an electron from the 
K-shell to a state of negative energy is calculated for the condition where all 
the states of negative energy are unoccupied. From this can be calculated 
the probability of the corresponding spontaneous transition when only certain 
of the negative energy states are unoccupied, namely, those represented by the 
beam of positrons. 

The Dirac wave functions for an electron in the presence of a nucleus are 
used, but a closed formula can be obtained only if we treat Z/137 as small, Z 
being the atomic number, and further assume that | E | where E is 

the energy of the positrons. 

Results for various elements are given for | E = 2, and 100, and it 
is found tliat for large values of | E | the absorption is given by cr = const 
Z®/| E |. The probability of annihilation is always very small compared with 
the probability of annihilation by free electrons, where two quanta are emitted. 
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The Kinetics of the Reaction between Hydrogen and Nitrous Oxide 

Part II 

By H. W. Mklvillk, Senior Student, ExMbition of 1851 
(Communicated by Kendall, F.R.B. — Received May 8, 1934) 

An analysis of the mechanism of the thermal hydrogen-nitrous oxide reaction 
in silica vessels by the kinetic method has aliown that it is a chain process,* 
The experiments were confined to a comparatively narrow pressure range and 
the e\ddence for chain propagation, although quite definite, required con- 
firmation. The present paper is therefore concerned with the kinetics under 
a much wider variety of conditions. First, the experiments have been extended 
to pressures below 30 mm ; second, photochemical methods have been employed 
to shed more light on the individual steps of the reaction and to demonstrate 
unequivocally its chain character ; third, in view of the close similarity of the 
hydrogen-nitrous oxide and hydrogen-oxygen reactions, a detailed study has 
been made of the effect of small amounts of oxygen on the former reaction. 
The results of these experiments all lend additional strong support to the 
chain hypothesis. 

Small alterations to the apparatus were made. A glass spring gauge was 
employed for measuring low pressures. One end of the furnace was provided 
with a quartz lens in order to focus the light from the mercury lamp on the 
reaction bulb ; the cathode of the lamp was water cooled. Arrangements 
were also made for inserting a hollow silica cell between the lamp and the lens 
so that filters could be used for controlling the intensity and wave-length of 
the light reaching the bulb. Direct photo dissociation of the nitrous oxide 
molecule was not attempted since (a) absorption of photochomically active 
light at low pressures in small bulbs is not complete, (6) the intensity of the 
lines of the mercury arc in the absorption region of nitrous oxide is weak. 
Recourse was therefore made to mercury sensitization in spite of a little 
additional complication. 


Low Pressure Dark Reaction 

Several questions arise when the reaction is carried out at somewhat lower 
pressures. The high pressure experiments indicated the importance of gas 


♦ Melville, ‘ Proo, Roy. Soo.,* A, vol. 142. p. 524 (1933), 
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phase termination with but a small proportion of wall inhibition* At low 
pressures, it would be anticipated that the mechanism would involve wall 
processes to a much greater extent. In the thermal decomposition of nitrous 
oxide, it has been shown that the collisions leading to activation below 50 mm 
are different from those above this pressure, for example, the energy of 
activation increases from 60 to 58 k. cal. (Musgrave and Hinshelwood put the 
upper limit at 04 k. cal.) It was thus of importance to find if there was, in 
consequence, any fundamental alteration in the kinetics of the hydrogen- 
nitrous oxide reaction. Further, the chain length at high pressures increases 
with decreasing pressure and there is therefore a chance that the reaction 
might become explosive, if the pressure were reduced sufficiently, in the sense 
that an upper explosion limit had been passed. 

The lower limit to the pressure range was fixed at about 2 ram. It was 
undesirable with this type of apparatus to go below this pressure, for several 
complicating factors intrude. The withdrawal of water vapour by the phos- 
phorus pentoxide gives rise virtually to a small water vapour diffusion pump 
whieffi would make the manometer readings unreliable. Similarly, the effect 
of thermal effusion would be difficult to calculate in the transition region 
where the mean free path of the molecules begins to become comparable with 
the dimensions of the connecting tubes. 

The total order of the reaction was determined by finding the effect of 
pressure on (a) the initial rate (R), and (6) the time required (<5^) for the reaction 
to go half-way to completion. If there is concordance in these two methods, 
nitrogen cannot exert any appreciable influence on the course of the reaction. 
The data are given in Table I. 

In fig. 1, logn, R and have been plotted against log^, p, but the lines 

obtained are not q\nte straight ; the slope tending to decrease at high pres- 
sures. For the logjo R^Iogio p curve, the mean slope is 1-8 and hence the 
order of the reaction, as measured by the influence of p on R, is very nearly 
two. The slope of the log^o P curve is —0-7 and again, therefore, 

the order is almost two. The decrease in the order at higher pressures is in 
accordance with the results in Part I, where the total order has fallen to 
unity. 

The effect of nitrogen, and probably that of argon too, should thus be 
negligible in view of the correspondence in the values obtained for the orders* 
A few experiments are quoted in Table II, in which nitrogen or argon was 
present initially, and inspection of the values of Ap show these to be practically 
independent of the pressure of inert gas. 
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Table I 


Temperature 750° C, 6 cm tube, 1 : 1 mixture 


Initial prcAsuro 

270 

18-38 

12-98 

Time 

Jp 

Ap 

Ap 

' min« 

0 

00 

0 0 

0-0 

0'6 

14 

0-80 

0-66 

10 

3-4 

2 02 

1-18 

1'5 

5-2 

3 06 

103 

2 

6 4 

3-06 

2-41 

3 

8-2 

4-96 

3-13 

4 

0*3 

5-74 

3*66 

6 

10*5 

6-58 

4-30 

8 

IM 

7-18 

4*68 

10 

7 '50 

p ia in mm of mercury. 

4-96 

Initial preaeure 

Time 

6*62 

3-20 

1*60 

Ap 

Ap 

Ap 

mina 

0 

— , 





0-5 

012 

0 03 

— 

1 

0-40 

010 



t» 

0-70 

0-42 



3 

1-06 





4 

1-30 

0-68 

0-20 

6 

106 

0-67 

0-27 

8 

1-85 



— 

U) 

2 on 

0-96 

0-35 



3 F 


VOL. OXLVI.— A. 


logjo R X 10' 
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Table II 


750“ C, 1 : 1 mixture 



9*03 

9*92 

9*57 

9*75 

9*89 

9*59 

9*94 

PA 

— 

4*80 

9-01 

14-40 

P^is — 

4-01 

9*00 

1 

Ap 


Ap 

Ap 

Ap 


Ap 

2 

1-93 

1*74 


1-26 

2-15 

1*82 

1*70 

3 

2-30 

2*40 

2-20 

2-10 

2-50 

2-40 

2*54 

4 

2-70 

2-84 

— 

2*70 

2-91 

2*80 

2*94 

5 

— 

— 

2-90 

— 

. — 

— 



6 

3*20 

3*32 

— 

3*35 

3*40 

3*32 

3*45 

8 

3-55 

3*00 

— 

3*55 

3-70 

304 

3*74 



Fio. 2 

Effect of H 2 aftd NjO — Although the total order of the reaction has increased, 
the question arises whether the concentration of the nitrous oxide is still the 
most important factor controlling the rate. The results of a number of experi- 
ments are summarized in Table III, in which pa, and pk.o have been varied, 
and are plotted in figs. 2 and 3. Curves i and ii in fig. 2 respectively show R 
and ^ plotted against Pn,o lot experiments 281 to 284 ; curves iii and iv 
refer to experiments 362-364. The dotted lines are drawn assuming that the 
rate is proportional to the square of Pn,o* These results demonstrate that the 
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Table III 


Experiments 281-284, 725° C. Experiments 358-304, 760° C. 


Exporiment No, 


i>K,0 

R 

H 

/r' 

282 

2 02 

3-23 

0-20 

9*0 

0111 

283 

1-98 

6-07 

0*60 

1*95 

0-51 

281 

2 02 

8-11 

1-04 

3*00 

MM) 

358 

4*77 

4-91 

0*64 

4-10 

0-244 

359 

9-61 

4*81 

0*79 

3*36 

0*297 

360 

16*22 

4*93 

0-96 

2*86 

0*35 

361 

24-40 

4*95 

0-96 

2*86 

0*36 

362 

4*83 

4-85 

0*58 

6-0 

0*20 

363 

4-80 

9-58 

1-85 

1-42 

0*70 

364 

4*86 

15* 10 

2*50 

1-00 

1-00 



Ph, 
i'lo. 3 

order with respect to the nitrous oxide pressure is nearly two. Hydrogen has, 
however, very little effect as can bo seen from fig. 3. For comparison a curve 
R Ph,* has been drawn to show that 11 varies even less than the square 
root of the hydrogen pressure. The increase in the total order is thus due 
entirely to the nitrous oxide. 

Packing Experimmts — The general change in the kinetics has also its counter- 
part in the effect of packing the reaction vessel. The procedure was exactly 
the same as that employed in experiments 243-247 in I, the same bulb and 
packing material being employed. Effectively the diameter is decreased from 
2*6 to 0'7 cm. That wall inhibition has increased is fully borne out by the 


3 r 2 




742 


H. W. MelvUle 


results in Table IV, where the rate decreases six times compared with a two- 
fold decrease at 100 mm. If the chains were terminated solely on the walls, 
the decrease should be (2 '5/0 *7)® or 13 times. Even at 6 mm there must 
therefore be a small amount of gas phase termination. 

Table IV 


Temperature 768° C. 1:1 mixture 
Kmpty Packed Empty 


Initial preaauro 

4-94 


4*92 


4-71 

t 

Ap 

t 

Jp 

t 

4p 

0 

— 

0 

— 

0 


0‘5 

(>‘07 

1 

0-03 

0*6 

0*08 

1 

0*24 

3 

0*06 

1 

on 

1-5 

0‘3« 

6 

0*23 

2 

0-34 

2 

()•48 

n 

0*43 

3 

0-47 

3 

0-02 

10 

0*55 

4 

0*59 

4 

0-84 



6*6 

0-86 

fl 

1 -09 



9 

1 *03 

8 

1*24 






K 0*24 0 034 0“17mm/min 


Temperature Goeffkienl — Likewise there is a change in the temperature 
coefficient of the reaction. The apparent energy of activation (E) rises from 
30-5 k. cal. at 200 mm to 43-4 at 13 mm, as is shown by the data in Table V. 


Table V 


1 : 1 mixture. Initial pressure 13 -20 mm 


Temperature ® 0 

H 

ii 

656 

0*120 

— 

(J83 

0*250 

6*60 

718 

0-67 

2*52 

749 

1-33 

1*28 

778 

2-46 

0*70 

799 

3 -os 

0-62 


K* 43 -4 k. caK time for 25% reaction. 


These calculations of E are not quite exact, for constant pressures instead 
of concentrations were used. The corrected values are, however, easily 
obtained for the kinetics of the reactions are known ; at high pressure E is 
36-5 k. cal. and at low, E is 49-5 k* cal. 

Explodom—AB with the high pressure reaction, explosions could be obtained 
if the temperature was raised sufficiently. There were no signs of any sharp 
limiting pressures, either upper or lower. 

Mechanism of the Reaction 

In further elaborating the scheme of reactions put forward in I, the following 
observations have to be accounted for, the increase in the total order, in 
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packiag effect and in the apparent energy of activation. It will be supposed 
that the mechanism of initiation and propagation remain unaltered, but the 
strong inhibition by walls shows definitely that most of the chains are ter- 
minated there. To simplify the equations, gas phase termination will be 
neglected. The equations expressing the stationary concentrations of H and 
of OH will therefore be : 

^ - I + h [OH] [HaJ - [H] [NjO] - h [H] - 0. (1 ) 

= I + *4 [H] [N,0] - k, [OH] [H,] - k\ [OH] == 0, (2) 

the notation being the same as in I. and represent the rate of diffusion 
of H atoms and of OH radicals to the walls. If it be further assumed that 

^6 [H 2 J then the last term of (2) may be neglected, so that solution of 

these equations yields 

- = I* [NaO? {k, [N,0] + [H,]}, (3) 

if, as before, the chains are long. Reinstatement of the last term in (2) leads 
to an apparently considerable amount of additional complication. In this 
circumstance, 


and [OH] 


2I/Jfca + 1 


hm2] + h + k'AW]/k,/ 


whence 


ilMl 

dt 


A6[H*] + i, + i'A[N,0]/A;, 


An examination of (4) will show that if k’^ — 0, this equation reduces to (3). 
First of all, (4) can be much simplified on account of a previous valid assump- 
tion, namely, that the chains are long, i.e., k^ can be neglected compared with 
K [NjO] and k^ [H]. Jfc'j/A:# can be approximately calctilated from the diffusion 
theory, and for a 1 : 1 mixture is equal to 0*26. (4) reduces to 


dt 



A:,{iaN,0]/4 + iaH,l} 



At high pressures, the theoretical equation agreeing best with the results was 
based on the assumption that k^ kf. In (5), this inequality is still further 
increased by taking into account the different rates of diffusion of H and OH. 
On maiking this further simplification, (6) reduces to (3). Again it may be 
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pointed out that the experimentally observed oixler is rather less than the 
theoretical value. At low pressures, should be inversely proportional to 
the total prcssur(j which would accentuate the difference between theory and 
experiment. The absence of acceleration of the reaction by argon and nitrogen, 
however, indicates that there may be sufficient gas phase termination to 
render effectively constant in the pressure range employed. (5) also shows 
that the increase in order is due to ISTgO, which is in agreement with experiment. 
It is surprising to find that pu^ does not affect R as much as (5) would allow. 
This might be due to a surface effect, in that adsorption of hydrogen on the 
wall may increase with pressure causing a concomitant increase in the efficiency 
of chain-breaking collisions. 

The temperature coefficient of a chain reaction may be interpreted most 
simply by considering the reaction to consist of three separate parts : initiation 
(I), propagation (P), termination (T), each having its own temperature (‘co- 
efficient. At high and at low pressures, the kinetic equations may be general- 
ized as follows ; — 

R = exp {(Et- - E,. - Er)/KT} = exp (- E'b/RT), 

(low pressure) 

R (r/T')^exp{(ET-r^^E^^^ . (r7T")^exp(~ E"jt/RT), 

(high pressure) 

where T' and T" refer to the low and high pressure reactions and E'n and E"h 
to the apparent energies of activation. Termination at high pressures is 
mainly due to ternary collisions, a reaction wliich, so far as is known, has 
practicallyno energy of activation, ET»'=0and since “*E"k — Et^/s — Eryg —Er, 
Ep = 7*5 k. cal., assuming Ei- = 68 k. cal. Ep represents the energy of 
activation of the reaction H + N 2 O — OH + Nj. This value is perhaps 
somewhat low if the following calculation is made. It will be shown later 
that, at 10 mm and 700° C, the chain length is of the order 10*. A hydrogen 
atom, under these conditions, if generated in the middle of the bulb, would 
make about 10* collisions before reaching the wall. If it is further assumed 
that on every collision with the wall, the atom is adsorbed and rendered 
incapable of further chain propagation, then it must make 10*/2 X 10* or 
5 X 10® collisions with N 2 O before reaction occurs. This corresponds to a 
value of Ep of 17 k. cal,, and is of course a minimum, for if the collisions with 
the walls are partly elastic, E? will be correspondingly increased. 
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Substituting Er 7*5 k. cal. in (6) and putting Er 60 k. cal. Et' = 8 k. caL 
It may be remarked that Et' agrees moderately well with the values for the 
wall termination process in the Hg-Oa reaction obtained by Grant and Hinshel* 
wood* for silica surfaces (12*8 k. cal), and by Frost and Alyeaf for a KC 
coated Pyrex surface (18-5 k. cal), which are also based on the assumption 
that termination in a ternary collision requires no activation. 

Whatever may be the true significance of Er , there is no doubt about its 
sign, which shows that the efficiency of wall removal of the carriers increases 
with the temperature, A similar behaviour might be expected in analogous 
reactions, for example, the combination of organic radicals. In practice, 
however, niethyl and ethyl radicals are leas easily destroyed as the temperature 
of the surface is raised, J that is, the sign of Et is different. It must be pointed 
out that in the latter experiments, the results were obtained directly, whereas 
in the and Hg- Og reactions, Et' is calculated indirectly on assumptions 

which may not be exact. 

As at high pressures, the rate of the Hg-NgO reaction is considerably faster 
than the decomposition of NgO. For example, at 660®, the rate of water 
formation was 1*21 mm per minute at 22*52 mm (1 : 1 mixture). In the 
same 6 cm tube, NgO decomposed at 0*14 mm per minute at 740®, the initial 
pressure being 12*68 mm. At 660® and 11 mm, the rate would be 0*017, 
The ratio is 96 and will not alter much with pressure since the orders of the two 
reactions are equal. Similarly, temperature will have little effect on the ratio. 

Effect of NOg — The primary object of studying the effect of this molecule 
was to detenrune whether it might induce the explosive combination of Hg 
and NgO at temperatures where the normal rate is small. No such phenomenon 
was observed, although the NOg slightly accelerated the rate. Another point 
of dissimilarity thus exists between the present reaction and those chain 
oxidations in which the addition of NOg leads to explosive combination at 
low^er temperature8.§ 

Pkotochemkal ExferirtmUs 

A number of problems have arisen in the discussion of the low and high 
pressure reactions which may be solved by employing photochemical methods. 

* * Proo. Roy. Soc,,* A, voL 141, p. 29 (1933). 

t ‘ J. Aroer. Chem. Soc.,* vol. 65, p. 3227 (1933). 

X * Trans. Faraday Soc.,* vol. 30, p. 186 (1934). 

§ Gibson and Hinahelwood, ‘ Trans. Faraday Soc.,* vol. 24, p. 669 (1928) ; 

Thompson and Hinsholwood, * Proc. Roy. Soc.,* A, vol. 124, p. 219 (1929) ; Norrish and 
Griffiths, vol. 139, p. 147 (1933). CO-0„ Semenoff and others, ‘ Z. phys. Chem,.’ 
B, vol. 6, p. 307 (1930). 
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By this means, the initiation of chains can be independently controlled so that 
the propagation and termination factors may be observed operating together. 
The first important point was to demonstrate that a photochemically produced 
hydrogen atom could induce the reaction of several molecules of NjO, and 
thus show without doubt that the reaction is of the chain type. Further, it 
was also necessary to find if the chain length calculated from the thermal 
experiments agreed with that obtained photochemically, in order to support 
the hypothesis about initiation by oxygen atoms. Experiments on the effect 
of intensity of the radiation should provide confirmation of the mechanism 
of the termination of the chains. Having obtained this information, the next 
problem to be elucidated is the form of the propagation factor and how it is 
influenced by Ha, NgO and by temperature. 

Jt will be shown later that small amounts of oxygen exert a very marked 
accelerating influence on the Hg-NaO reaction, and the question arises whether 
this effect is due to a change in tlie initiation or the propagation factor ; both 
may be affected. 

In obtaining the photoobemical chain length, the measurements were made 
from room temperature up to temperatures where the thermal becomes com- 
parable with the photochemical reaction. The pressures were so chosen that 
a constant concentration of gas was present in the reaction vessel ; the data 
are given in Table VI. For comparison, a run with a 1 : 1 mixture 

at room temperature was carried out. 

The results in Table VI are further tabulated in Table VII. The net photo- 
chemical rate in Table VII is the observed rate of reaction with the light on 
minus the rate of the thermal reaction. It will be observed that in experiments 
767 and 759, the rates of the Hg^-NgO and Hg-Og reaction are nearly the same. 
In Table VII, it has been assumed for the purposes of calculation that the 
quantum yield of the former reaction at 25^ C is unity. It may be greater 
than this, but would certainly not exceed two. The photochemical chain 
length is then simply calculated by finding the ratio of the rates at the 
higher temperature and at 26° C. The assumption made is that the quenchmg 
erf the mercury resonance radiation is not appreciably influenced by 
temperature ; this is supported, at any rate for hydrogen, by the 
measurements of Cario and Franck.* 

The photochemical chain length at 660°, (116) is somewhat greater than the 
ratio of the rates of the Hg-NgO reaction, and the decomposition of NgO. The 


* * Z. Physik/ vol. 37, p. 619 (1926). 
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Table VI 


1 : 1 mixture. 6 cm tube 



757 


769 

760 

767 


26° C 


23° C 

294° 0 

400“ C 

t 

P 


< P 

t 

P 

t 

P 

0 

9'86 


0 0*66 

0 

16*16 

0 

10*67 

6 

959 


10 9*39 

2 

15*03 

2 

16*27 

10 

9*49 


21 9*21 

6 

14*72 

4 

16*78 

20 

9*38 


30 9*08 

10*6 

14*34 

0 

16*36 

3(» 

9*20 


40 8*96 

15 

13*98 

8 

14*98 

40 

9*09 


52 8*87 

21 

13*56 

10 

14*55 

50 

8*90 



26 

13*22 

15 

13*75 

R 

0*015 


0*017 

0 

•082 

0 

•234 


‘ 768 


703 


705 


764 


602° C 


658° C 

003° C 

003° 

C (thermal) 

t 

P 


t p 

i 

P 

i 

P 

0 

18*07 


0 19*13 

0 

19*13 

0 

20*18 

1 

17*94 


0*6 18*37 

0*6 

18*05 

1 

19*88 

2 

17*00 


1 17*00 

1 

10*76 

2 

19*69 

3 

10*32 


1*5 10*70 

1*5 

15*08 

4 

19*22 

4 

16*68 


2 10 00 

2 

14*83 

0 

18*88 

0 

14*33 


3 14*70 

2*6 

14*07 

8 

18*55 

8 

13*41 


4 13*60 

3 

13*42 

10 

18*27 

10 

12*47 


(i 12*00 

4 

12*50 

12 

17*94 




8 11*13 

6 

11*93 



R 

0*70 


1*70 

2 

•00 

0 

*265 


770 


771 

773 

772 

66(1 

C (photo) 


050° C (thennal) 

740^ C 

(thermal) 

740° (.' Decom. of 







N,0 

i 

P 


* P 

t 

P 

i 

P 

0 

22*40 


0 22*60 

0 

26*54 

0 

12*68 

0* 

25 2M0 


0*5 21*80 

0*26 

23*82 

5 

12*93 

0- 

60 19*90 


1 21*40 

0*60 

22*78 

10*6 

13*35 

0* 

75 19*04 


1*6 20*84 

1 

18*23 

16 

13*00 

1 

18*24 


2 20*48 

1*5 

17*27 

20 

13*83 

1- 

6 17*02 


3 10*84 

2 

10*70 

26 

14*10 

2 

16*02 


4 19*28 

3 

i6*a3 

30 

14*39 

2* 

5 16*33 


6 18*48 





3 

14*72 


8 17*00 





6 

13*43 







R 

5*25 


1*21 


8*9 

0 

■140 




Table VII 








Net 

Photo, 



Temp. Photo. 

Tliermal 

photo. 

chain 

logxov 

10»/T 

‘'0 

rate 

rate 

rate 

length 








(W 



25 

1*66 X 

io-» 


1*66 X 10“» 

1 

0*00 

3*30 

294 

6*43 X 

io-» 

— 

6*43 X 1U”» 

3*6 

0*644 

2*203 

400 

1*40 X 

10“* 

— 

1*40 X 10-^ 

9*0 

0*964 

2 141 

502 

4*07 X 

10** 


4*07 X 10“« 

20*2 

1*418 

1*764 

568 

8*90 X 

10-* 

— 

8*90 X 10“« 

67*3 

1*76 

1*485 

803 

1*36 X 

10“^ 

1*81 X 10-* 

1*23 X 10“^ 

79*0 

1*90 

1*790 

860 

2*34 X 

10** 

6*4 X lO-** 

1*80 X 10*^ 

110-0 

2*00 

1*164 

740 



3*6 X 10"! 

— 

— 

— 

1*088 


Th« r»te» of the reaotioiifi are oxpre«6od aet K/p. 
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discrepancy is increased if, as has been assumed, one oxygen atom from the 
nitrous molecule initiates two chains, but the numbers are of the same order 
of magnitude. The conclusions which may therefore be drawn are (a) that 
chains can be propagated in Hg-NgO mixtures, (b) that nearly every oxygen 
atom derived from the thermal dissociation of an NgO molecule leads to the 
initiation of two chains. In these calculations no account has been taken, 
in the thermal reaction, of the possibility of hydrogen molecules activating 
NgO by collision ; tlus would have the effect of decreasing the thermal chain 
length. It may be that when such a collision takes place, HgO is formed 
immediately after, so the collision is unfruitful so far as chain starting is 
concerned. The close proximity of Ng would facilitate the formation of HgO 
by removing a considerable amount of the energy which would normally cause 
HjjO to dissociate. 



Fio, 4 — Curve ii is displaced upwards for clarity. 


It is also improbable that vtht>r. V|,b<>to> account of the 0 atom reacting 
with NgO to yield NO, since Harteck^ found that reaction of 0 with H* is 
very much faster than with NgO. Another anomaly is that Vphoto increases 
with, but vther. is independent of, temperature. 

The results in Table VII and other data are illustrated in fig, 4 in which 
^<^8 ^i>hoto is plotted against 1/T. The slope of the curve is not constant but 
* ‘ Z. phys. Chem.; B, vol. 12, p. a27 (1931), 
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increaseB from 25*^ to 400'", thereafter remaining constant. A similar variation 
in the slope of log R — 1 /T curves is also obtained in the mercury photo- 
sensitized H 2 -O 2 reaciiion, which Taylor and Salley* ascribe to branching. 
The curvature is, however, most pronounced at high temperatures. It is 
very doubtful whether such an explanation would hold in the present instance. 
What is more reasonable to suppose is that there is a change in the mechanism 
of the reaction as the temperature is raised from 25° to 400° C ; for instance 
in deducing the kinetic equation, the assumption was made that the chains 
were long : Table VII shows this is no longer valid. Curve i in fig. 4 has been 
plotted with a larger 1 /T scale in order to demonstrate more clearly that there 
is no curvature between 440° and 630° C ; the energy of activation is 13-8 k. 
cal, which may be compared with zero for the thermal reaction. At high 
pressures on the other hand, the apparent energy of activation (36*5 k. cal) 
is lower than that of the initiation process (58), and consequently the chain 
length must decrease with temperature. The origin of this phenomenon is 
due primarily to sclf-neutralizatiou of the chains in the gas, as may be seen 
from the following equations, 


Rh,-n ,0 = p (^ ) exp {(— Ej. ■ 

Kn.o - I" exp (- E'VRT). 


E"i/2 + E"t/2)/RT}, 


But 


Vtlier. 


2Rh.-n.() 

Rs,o 


;exp{(-Ei. + E"i/2)/RT}, 


since E"t = 0. 

In order that d\JdT be negative, E"i/2 must be greater than Ep. 

Effect of NjO and of H,— In Table VIII, the eSect of total pressure on the 
rate is given and in Table IX, the effect of hydrogen. The thermal reaction 
was negligible at 633° C. It will be observed that the initial rate of reaction 
increases with pressure, but the values of T/2 (T/2 time for 60% reaction) also 
increase with pressxire and hence the order must lie between zero and unity. 
If the values of Ap in Table IX be compared for different hydrogen pressures, 
it will bo seen that a five-fold variation has hardly any influence. Nitrous 
oxide must then be responsible for the increase in rate of Table VIII. 

[HJ 


The initiation term in the kinetic equation will now be p-- -i . ria /->i > 

[HJ + [N,0] 

assuming to a first approximation that (a) atomic hydrogen starts the reaction 


* ‘ J. Amer. Chem. Soo,,’ vol. 06 , p. 96 (1933). 
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(6) NjO merely deactivates Hg', (c) the quenching radii of the two molecules 

is tlie same. Let I = - , ^ K. is a constant and is proportional to 

[HJ + [NjOJ 

mercury vapour pressure and to the intensity of the Ught. On substituting this 
value of I in equations (1) and (2) and performing the simplifications in 
deriving (5), 

<^[NaO]_A4[M K[H .] 

~df 'k, ’[HJ + lNgOy 


Table VIII 


5 cm tube, 1 : 1 mixture, 533“ 0 




0*73 

10 '04 

13*44 

16*80 

22*40 

t 


Ap 

Ap 

Ap 

Ap 

0- 

5 

0-33 

0‘33 

0*38 

0*48 

0-50 

1 


0*68 

009 

0*00 

0*82 

0-90 

2 


100 

1*14 

1-2H 

1*46 

1*66 

4 


1-61 

1-97 

2*18 

2*68 

2-80 

6 


1-99 

2-64 

2'90 

3*40 

3-90 

B 


2-28 

2-96 

3*64 

4*04 

4'80 

10 


2*60 

3‘34 

4'U 

4-86 

5*78 

16 


2*82 

3-90 

4*90 

6*00 

7*08 


T/2 (min) 

4'3 

5-8 

7*4 

8*4 

9*7 




Table IX 





4‘81 

4*80 

4*77. 

4*86 

4*77 


piit 

9*57 

14 '40 

19*23 

23*98 

4*80 

i 

Ap 

Ap 

Ap 

Ap 

Ap 

0- 

6 

0-3(i 

0'31 

()'32 

0*36 

0*27 

1 


0*82 

0-63 

0*06 

0*70 

0*62 

2 


1*48 

1-30 

1 32 

1*34 

1*44 

3 


1-94 

im 

1*88 

2 '00 

1*63 

4 


2 ‘48 

2'42 

2*30 

2'48 

2*21 

6 



317 

3*10 

3*14 

2*83 

8 


— 

3-67 

3*68 

— 

3*39 

10 


— 

— 

— 

— 

3-87 


The small effect of hydrogen would seem to indicate that I is independent of 
[Ha] and hence there is evidence of quenching by Ha being more efBoient 
than that by NaO. I would then become equal to K. The important point 
is that, compared with the thermal reaction, the order with respect to [NaO] 
has fallen sufficiently to show that NaO is not only responsible for initiation in 
the thermal reaction, but that the propagation factor is very nearly proportional, 
to [NaO]. The general features of the thermal reaction are thus supported by 
photochemical data. 

Effect of Argon — ^Aigon does not deactivate Hg' very efficiently so that I 
should be unaffected by its presence ; any effect would therefore be due to its 
influence on propagation or termination. None was found, using 10 mm of A 
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and 10 mm of a 1 ; 1 mixture. Again, there is agreement between the photo 
and thermal data, 

Ejdect of Intensity — It has been shown in deducing (6) that at low pressures, 
the rate of reaction should be proportional to the intensity. At high pressures, 
the equation for the photochemical reaction will be 


d [NaO] 
dt 








I 


and therefore the rate ought to be proportional to the square root of the 
intensity. 

Preliminary experiments were carried out with a sector wheel containing 
two apertures, the angle of which could be varied. If the mean life of the 
chains is greater than the time between successive exposures, then, effectively, 
variation in this angle will alter the (mean) intensity of the light admitted to 
the reaction vessel. • If, however, the chains are of very short duration, 
alteration of the sector opening will merely change the time of exposure and 
thus will not provide the information on the intensity law which is being 
sought. In the latter circumstance, the data may show whether or no there 
is an induction period or a reaction after the light has been cut off. 

The results of two experiments are illustrated in fig. 5, the upper curve 
referring to the low pressure reaction (16 mm of 1 : 1 mixture) at 570°, the 
lower curve was obtained at a pressure of 100*5 mm and 510° C, The wheel 
was rotated at about 120 r.p.m., R is the initial rate of reaction. The points 
at 180° show the value of the rate without the rotating sector. It will be 
observed, first of all, that the lines are straight and pass through the 180° 
points. This alone would indicate that there is no appreciable dark reaction 
after the light is cut off, for if there were, the 180° points would lie below the 
prolongation of the R-^ lines. These lines, however, do not pass through the 
origin and hence there would appear to be some dark reaction. In varying 
the time of illumination by altering the angle of the aperture, the interval 
between exposures is likewise changed, owing to the method of construction of 
the discs. That this time of darkness does not account for any significant 
part of the variation of R with ^ is shown by the data in Table X. The rate 
of rotation of the sector was reduced so that the interval of darkness was 
increased from 0*12 to 5 seconds, but the values of Ap are nearly identical 
and hence the after-effect must be complete in less than 0*12 second. 

♦ Cy. GriMth and MoKeown, “ Photo Processes,” p. 664, 
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Table X 

Sector angle 90°, pressure 16 mm, temperature 570° C, 1 : 1 mixture 


Speed I 05 0-75 1 0 1-5 2 2-6 8 

Sr.p.m Ap 0-54 0-76 1-20 l-5« 2-06 2-4«l 2-86 

120 „ Ap 0o3 1 05 1-63 2-13 2-67 2 06 



Pro. 5 — (i) Low pressure, 670° C ; (ii) high pressure, 610° C ; (iii) high pressure, 470* C. 



The course of the reaction during the time of exposure and the interval 
before the next period of illumination occurs may be illustrated by fig. 6, 
which is only approximately drawn to scale, the H atom concentration being 
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plotted against the sector angle or time of illumination Tor a given velocity of 
rotation. The reaction velocity is assumed to be so small that the stationary 
concentration of atomic hydrogen does not alter appreciably owing to the 
decrease in [H^] and [N 2 O]. When the light is first switched on at 0, [H] 
rises, attains a certain steady value and then falls at E when illumination 
ceases. The lines Aa, B6, , , , show how [H] falls when the light is cut off 
at A, B, C, etc. The number of HgO molecules formed in time t is proportional 

to [ [H] dt and for a sector opening correspoiiding to E, will be proportional 
Jo 

to the area OAEc. The rate of decrease of [H] will depend on the method of 
termination of the chains. At low pressures, — d [li]ldt == [H], whereas 

at high pressures, — d [H]/di == k\ [H]*. 

Consider the low pressure reaction first, then the equation giving the value 
of [H] at any time during illumination is 

dt 

or 

During the ensuing dark period, 

or 

where [H]r is the value [H] attains before the light is cut off after time T. 
The rate R is proportional to the number of HjO molecules produced for a 
given time of experiment. If the proportionality factor be K then 

K = K r [HIl + K f"’’' [HJd dt, 

Jo Jo 

where L and D refer to the reaction in the light and in the dark. is the 
time required for the disc to rotate 180 °. Substituting from the above 
equations 

R/K = I/ifc, r (1 - e-*-*) + r Vh (1 - «■*•'') 

Jo Jo 

R/K ~ T - p (1 - e-*-') c-*' 


or 



754 


H. W. Melville 


When is small compared with T, the second term may be neglected, and 
therefore 

R/K = I . T/i,. 

The R -<f> curves should be straight and pass through the origin. It will also 
be observed from the above equation that if T = 0, then R = 0. 

The re-sults at high pressures may be treated in a similar way. During 
illumination 

or 

[H] = (I/A'e)* tanh Vlk\ t. 


where k'« [Hf is the rate at which H atoms are removed in ternary collisions. 
In the dark 


or 

whence 


LH]={n<+l/[HW-‘, 

R/K = r[HjT.dt + '[HJndt 

Jo Jo 

= ( ' (I/ifc'«)‘ tanh ViF, dl 4- p (k\ t + dt 

= + i/r.iog 


If T 0, R/K = 0. When T is large so that then 

R/K == Ijk', |(IF,)iT + log ^ J . 


When T > 1, the second term in the above equation will be relatively 
unimportant compared with the first and again therefore, a straight line passing 
through the origin is to be expected, the slope of which should be proportional 
tfl the square root of the intensity of the light from the lamp. The cause of 
mt positive intercept on the rate axis is not revealed by tliis analysis. In the 
course of the photochemical experiments, it was observed that after the light 
was cut oE, the reaction still continued but at a much reduced speed. It was 
somewhat difficult to obtain accurate measurements, but the effect lasted some 
30 seconds, and hence would not be revealed by the variation in section speed 
employed in Table X, Moreover, the dark reaction could not be due to the 
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gradual decrease in the concentration of hydrogen atoms for these diffuse 
to the wall in a time very much less than 30 seconds (c/, p. 744). It may 
happen that although th(j H atoms are removed l)y the walls very rapidly, they 
do not immediately recombine and so may be capable of starting new chains 
from the surface long after the light has been cut off. Virtually, then, a dark 
reaction is superposed on the photo reaction, but its existence depends primarily 
on the previous illumination of the gas. The magnitude of the rate is not, 
however, sufficiently great to cause the curves (at high pressure) to follow 
the relation R <I>K Since the 180^^ point lies on the same line as the other 
points, the dark reaction will become of greater importance as the sector angle 
decreases ; the relation will be a linear one for the interval between successive 
periods of illumination is small compared with half-life of the dark reaction. 
The intercept (0*2 mm /min) therefore represents the velocity of the dark 
reaction. Direct measurements of the after-effect showed that the rate was 
about 0*2 at 16 mm and 57 C ; for instance, in one experiment in whicli the 
light was switched on and off at 1 minute intervals, the dark reaction amounted 
to 0*20, 0*13 and 0*10 tnm after 25%, 50% and 60% reaction respec- 
tively. 

Similar photochemical after-effeefcs have been observed* in the ammonia 
sensitized Ha-Og reaction whore some reactive atom or radical is deposited 
on the walls after explosion and is capable of exploding a fresh mixture without 
requiring illumination. The after-effect for the mercury photosensitized 
stable reaction was also observed in the present experiments, but the results 
were not very reproducible. It may be mentioned in this connection that a 
lag between the adsorption and subsequent re-evaporation of chain carriers 
has formed a successfid postulatef in explaining some of the features of the 
induction period in certain chain reactions, such as hydrocarbon oxidations. 

According to the calculations made on p. 744, th(i life of a reaction chain or 
hydrogen atom is at least 10"*^ seconds, if it reaches the wall. Even at higher 
pressures, the mean life of the hydrogen atom is probably of the same order 
of magnitude since there is still wall-inhibition. This calculation gives a 
minimum value for the energy of activation of H + NgO. The sector experi- 
ments yield a maximum value. Had the mean life of the hydrogen atom been 
greater than 10~^ second, then the R ^ at high pressures should have 
exhibited a well-defined curvature. As the line is straight, the mean life is 

♦ Faxkas, Haber and Harteck, * Z. Klectrochem.,* vol. 36, p. 711 (1030). 

t Semenoff, ‘ Z. phys, Chom./ B, vol. 11, p. 464 (1931) ; ‘ Phy«. Z. Sowjet,* vol. 1, p. 546 
(1032) ; ^ Trans. Paraday Soc./ vol. 28, p. 878 (1932), 
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less than 10"^ seconds, which corresponds to an energy of activation of 21 '5 
k. cal. 

So far as these experiments go, they cannot provide the information on the 
rate intensity relationship which itS being sought. Recourse was therefore 
made to wire screens, but these w(»re not satisfactory ; finally a liquid filter 
consisting of a solution of carbon tetrachloride in specially pure n-hexane was 
employed.* 

The data at high and at low pressures are given in Table XL 

Table XI 


Pressure 16*0 mm, tcmiperature 568"^ C 


JnUmHity 

1 ‘00 


0*91 


0*80 


0*68 


0*51 

f 

Jp 


Jp 


Jp 


Jp 


Jp 

O-.') 

0-53 


0*52 


0*35 


0*30 


0-24 

M) 

1*07 


0*95 


0*86 


0*66 


0*62 

] 

1*57 


1*30 


1-22 


0*95 


0*66 

2 

2*01 


1*79 


1*59 


1*27 


0*95 

3 

2*77 


2*48 


2*17 


1*85 


1*32 

4 

3*27 


2 m 


2*65 


2*26 


1*71 

5 

3 Hi 


3-47 


3*18 


2*70 


206 


Pressure 100*0 mm, temperature 510 

"C 



Intensity..,. 

t 


l-OO 


0*68 


0*51 


0*38 





Jp 


Jp . .. 


Jp 

0*7 


2 


1*5 


12 


0*9 



4 


3*4 


2*6 


2*2 


1*6 


6 


4*9 


4*0 


3*2 


2*3 


S 


(i*5 


5*0 


4*2 


3*0 


10 


7*9 


<1*2 


5*0 


3*6 


15 


IM 


8*4 


— 


4*8 



The results in Table XI and some others are plotted in fig. 7. The full line 
represents R ^ I, and the dotted curve R IK It will be observed that the 
low pressure results lie close to the line, whereas the high pressure experiments 
lie nearer the curve ; thercifore the termination reai^tion involves the participa- 
tion of one carrier at low pressure and two at high pressure. The R 1* law 
could not be expected to hold exactly at 100 mm for it was shown in Part I 
that; there is still a considerable amount of termination on the walls. The 
important point, however, is that these measurements support the hypothesis 
already put forward to explain the way in which the chains are stopped. 

Discicsfsion 

It remains now to mention a few points not specifically dealt with in the 
discussion of the data. The interpretation of the present results does not 

* Melville and Walls, ‘ Trans. Faraday Soc.,’ vol. 29, p. 1256 (1933). 
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alter the scheme of reactions set forth in Part I. The equivalence of the thermal 
and photochemical chain lengths shows that a hydrogen or an oxygen atom 
can set ofE a similar reaction cycle, but unfortunately, the calculations are 
not sufiBciently exact to demonstrate whether hydrogen molecules can activate 
nitrous oxide molecules by collision. It would also seem most probable, at 
low pressures, that the combination of H atoms is responsible for termination. 
Schemes involving OH radicals do not give kinetic equations in agreement 
with the facts. The intensity measurements quite definitely show that only 
one carrier is concerned, and in conjunction with the packing experiments 
there is no doubt that a wall reaction is responsible for termination. 



0 0*4 0-8 


Intensity 

Fig. 7 


Since Part I was written, new data* have become available on the effect 


of various gases in promoting the combination of hydrogen atoms. Argon is 
about as effective as the hydrogen molecule. Now in the high pressure experi- 
ments, argon does not inhibit the reaction (for a 1 : 1 mixture) and hence 
neither can H 2 ; NgO must therefore be more efficient than H 2 as a third body. 
This greater effective collision diameter may possibly be due to the chemical 


reaction, 


H + H + NaO HaO + N^, 


rather than to the physical removal of energy, 

H + H + NjO-Ha + NgO. 


♦ L. Farkaa, private oommunioation. 
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But NgO cannot be very much more efficient than H 2 , for the rate of reaction 
becomeB independent of [Hg] when this is large. Such a result implies that 
an inhibition term containing [Hg] appears in the denominator of the kinetic 
equation. 

In all the reactions studied, the effect of hydrogen is, in general, small, the 
nitrous oxide concentration mainly controlling the rate. This is consistent 
with the theory that the propagation and initiation factors (in the thermal 
reactions) contain [N 2 O]. In outline, then, the experimental facts are in 
agreement with the theory, except that the total order is usually a little lower 
than thiit expected theoreti(;ally. There are, nevertheless, some inconsistencies 
in the scheme, concerning in particular the values of the energies of activation 
of the several reactions. The value of E for H + N 2 O is only 7 k. cal. (calcu- 
lated from the high pressure temperature coefficient) and hence if the value of 
15 be accepted for OH -f H 2 — H 2 O + H, then the latter reaction would be 
much slower than the former, whereas the present theory would incline to 
the opposite view. In the thermal low pressure reaction, the chain length is 
independent of temperature, but in the photo reaction there is an increase, 
although it happens that in the region where comparison can be made, the 
chain lengths agree within an order of magnitude. The energy of activation 
of H + NgO could be measured and since the values for the initiation processes 
are known, it would then be practicable to estimate directly the energy of 
activation of termination (i.c., the combination of hydrogen atoms) in a three 
body collision and in presence of a wall. 

The discrepancy between Hinshelwood^s experiments and those described 
above is probably due to the higher pressures employed and to the accumulation 
of water vapour, both of which make the chain length short. It is, however, 
diffictilt to understand how Dixon and Higghis succeeded in obtaining spon- 
taneous inflammation at comparatively low temperatures. The composition 
of the gas in a flow system could, of comae, vary within wide limits, but it is 
hardly possible for this to give a velocity sufficiently great to inflame the gases. 

The author desires to thank the Royal Commissioners for the Exhibition of 
1851 for a Senior Studentship and the Trustees of the Moray Research Fund of 
Edinburgh University for a grant. 

Summartf 

The kinetics of the hydrogen-nitrous oxide reaction have been studied in the 
pressure region l- SO mm and at temperatures from 500° to 750° C, Under 
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these conditions, the rate of reaction is proportional to the square of the nitrous 
oxide concentration, is nearly independent of that of the hydrogen, is markedly 
retarded by packing the vessel, but is not affected by nitrogen or argon. The 
energy of activation is 49 k. cal. The kinetics are different from those of the 
'high pressure reaction studied previously, but practically complete correlation 
may be obtained by postulating that the chains now end by the combination 
of H atoms on the walls. 

Chains may also be started byH atoms produced by optically excited mercury 
atoms. The photochemical chain length agrees with that of the thermal 
reaction, the latter being based on the measured rate of dissociation of NjO, 
At low pressures, the photo reaction rate is proportional to the N 2 O concen- 
tration, to the intensity of the light, but is independent of the concentration of 
Hj, Ng and A. The energy of activation is 17 k. cal At high pressures, the 
rate varies as the square root of the intensity, which shows that the chains end 
by self-neutralization, thus supporting the theory given for the thermal high 
pressure reaction. 

Experiments on the photo reaction with a rotating sector are described. 
The results are shown to be consistent with the remainder of the data. 
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Ike Kinetics of the ReacMon between Hydrogen and Nitrous Oxide 
III — Effect of Oxygen 

By H. W. Melville (Senior Student, Exhibition of 1851) 
(Communicated by J. Kendall, F.R.S. — Received May 8, 1934) 

One of the most striking dissimilarities between the hydrogen-oxygen and 
hydrogen-nitrous oxide reactions is the absence in the latter of sharp explosion 
limits, a feature characteristic of the former. Another important difference 
is that propagation of (ihains in the mixtures is rather less easy than in 

Hg-Og, for the photochemical chain length is smaller for Hj-NgO than for 
H 2 -O 2 at the same temperatures and pressures (see below). It has, however, 
been postulated that the carriers in the two reactions are identical and that at 
least one step, viz., 

0H + H2->H20 + H, 

is common to both reactions. The differences in the propagation factors 
would therefore he due to these reactions 

H -f NgO == OH + N2 

and 

H -f Hg + O2 == OH + HgO, 
or 

H + Og HOg 

HOg + Hg - OH + HgO. 

It may be anticipated that termination processes will be somewhat similar, 
and consequently the observed differences in the thermal reactions will also 
be partly due to initiation reactions. 

In this paper, an attempt has been made to study the two reactions under 
similar conditions so that propagation and initiation reactions may be separated 
from each other. Experiments have therefore been made on the effect of 
small quantities of oxygen on the high and low pressure thermal reactions 
and on the high and low pressure photo reactions. As will be shown below, 
oxygen exerts a very marked effect in increasing the rate. Its addition has 
been controlled so that the increase is comparable with the rate of reaction 
of the oxygen-free mixtures, in order that the stationary concentration of 
the chain carriers and the nature of the termination reactions should be similar 
for the two reactions. 
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To account for the sharp explosion limits in HVO 2 mixtures, branching is 
supposed to occur in one of the reaction cycles, and the reaction presumed to 
be responsible for this is 

H + Ha + O. 20H + H, 

or some slight modification of such a reaction. The nature of the process 
leading to branching need not be so particularly specified, the essential con- 
dition being that in a branching collision two carriers of one type (OH) are 
produced from one of the other type (H). If this happens once (on the 
average) before the chain is terminated, the chain length will increase in- 
definitely and explosion ensue. But with Hg-NgO there is no possibility 
of such an occurrence with H atoms or with OH radicals. In the Hg-Og 
reaction branching becomes possible because the oxygen molecule is diatomic ; 
it is the splitting of this into two parts wJaich ultimately yields the two carriers 
requisite for branching. Nitrous oxide, on the other hand, has only one atom 
available and cannot therefore give rise to two OH radicals even in a ternary 
collision such as H + N^O-f NgO. 

Although a very definite mechanism for the Hg-Og reaction has been adopted, 
which perliaps is not correct in detail, it will be of importance to find if homo- 
geneous reactions between nitrous oxide and simple combustible molecules do 
exhibit well-defined lower and especially upper limits for explosion. If they 
do not, then tlie following statement would appear to sum up the behaviour 
of these reactions : In combustion procicsses involving nitrous oxide, branching 
chains and therefore chain explosion limits do not occur. The lower limits 
observed are due to thermal explosions, initiated homogeneously or hetero- 
geneously, of a type similar to those discussed by Sernenofl* some time ago. 
The reaction must, of course, take place under such conditions that these 
phenomena are usually observed. For instance, the mixture should be capable 
of propagating chains ; the chain lengidi should increase at low pressures and 
decrease at high pressures. These conditions can be realized with Hg-NgO, 
but no sharp limits are observed. The sharpness of a limit may be masked 
by the occurrence of a relatively fast reaction outside the explosion region, 
such as occurs with Hg-Oa-NOg mixtures.f 

The Photochemicdl Lmv Pressure Reaction 

To eliminate the possibility of thermal initiation, the experiments recorded 
in Table I were made at low temperatures, using the mercury lamp with mer- 
♦ ^ Z. PhyBik/ vol. 48, p. 571 (1928). 

t Norrieh and Griffiths, * Proc. Roy, Soc,,^ A, vol. 139, p. 147 (1933). 
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cury vapour present in the reaction tube. In Table II the oxygen content of 
the mixture was varied, maintaining the total pressure unaltered. It will 
be observed that oxygen accelerates the reaction from 340 to 600® C, but the 
increase does not change much with temperature, the ratio of the rates 
increasing 50% for a 20-fold increas(j in the rate. The energies of activation 
of the two reactions H + N 2 O ~ OH Ng and H + Og + Hj “ HgO -f- OH 
must therefore be nearly equal. If the values of R in Table II be plotted 
against the percentage of O^ in the gas, a linear relation is obtained up to 
33%. 


Table I — 5 cm tube. Composition of mixture 19*5 mm O 2 , 300 mm of Hg 

and of NgO 


Temperatun^^ C 340 400 460 525 600 

Initial prvBHUic 15-96 16-00 17-67 18-24 19-68 

Rate 0-26 0-62 0-92 2-60 7-0 

Rate (Oj, 'free) 0-115 0*23 0-41 0-92 2-20 

Ro,/R 2-25 2-3 2-3 2-7 3-2 


Table II— Temperature 390® C 


( o, 

1 ij 

Compoeition of mixture * 

io‘% 

Pressure 

Rate 


— 10 20 

100 100 100 

100 100 100 

0 4-8 91 

16-00 J6-33 16-00 

0-330 1-05 1-97 


4U 

100 

100 

100 

100 

100 

100 

100 


16-6 

33-3 

50 

16-23 

16-12 

16-12 

3-75 

8-40 

6-30 


Small quantities of a foreign gas can exert a large influence on a chain 
reaction only by destroying the carriers before they would normally end, or 
by increasing the rate of initiation. It is improbable, in the present work, 
that Og molecules affect the rate of starting, for the quenching radius of Og 
is only twice as great as that of Hg.* The acceleration will therefore be due 
to the participation of oxygen in the propagation reactions. 

Two possibilities may be distinguished : 


H + Hj f 0, 

= H 3 O + OH 


H + 0, 

= H0, 

^11 

HO, + H, 

= H,0 + OH 

^12 

HO, + N,0 

= H+N,0 + 0, 


HO, 

= H + Oa 

^14 


* Zemanski, * Phy. Rev.,’ vol. 36, p. 919 (1930). 
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(a) will be considered first. The stationary concentrations of H and of OH 
will be given by the equations 

I + [OH] [H,] - K [H] [N,0] - [H] [HJ [0 J k, [H] = 0, 

= k, [H] [N,0] + ixo [H] [H^l [0,] - [OH] [HJ - k\ [OH] = 0, 

whence 

= {k, [N,0] + k,, [H*] [O,]} IjK. 


There are difficulties in accepting this simple scheme, for it would be expected 
that a triple (collision with an energy of activation similar to that of H 4 NgO 
would occur mucli less frequently than the latter reaction, whereas in fact, 
the rate of removal of H atoms by O 2 is faster than that by NjO. By postulating 
the formation of the complex, HOj, this difficulty can, in part, be overcome. 
For (6), therefore, 


4 [HO,] 
dt 


mi 

dt 


^ hi [H] [0,] - h^ [HO,] [H,] - Ax, [HO J [N,0] - Ax, [HO,] = 0, 


[HO,] 


,^u[H ] [0.8l. 


^1* [Hg] + Ai3 [NjO] -f- Aj, 


- I + K [OH] [Hg] - A, [H] [N,0] - Ax, [H] [OJ - A, [H] - 0. 


ism 

dt 


■' h [H] [N,0] + Axg [HO,] [H,] - A, [OH] [H,] - k\ [OH] - 0, 


d [HgO] 
dt 


{a, [N,0] 


+ 


hi[(\hh»m 

*i*[H.] + Ax,[N,0] + A„ 


} Vh- 


If A,, and A,, are small compared with Ax, then 


= (A, [N,0] + A,, [0,]} I/Ag. 


This equation is in agreement with experiment in that the rate should increase 
linearly with [0,]. At 390° the ratio A,, /A, — 13*3. Oxygen molecules 
increase the rate of production of water by reaction with the atomic hydrogen 
of the Hg-NgO chains. At higher temperatures, the combination of H, and 
0, may also increase the rate of initiation. 
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High PreMure Thermal Rem^tion 

Having established that oxygen can afEect the propagation, the next question 
is whether the homogeneous or lieterogeneous combination of hydrogen and 
oxygen may give rise to molecules or atoms capable of initiating chains in 
hydrogen-nitrous oxide. First of all, experiments were made on the effect of 
O 2 on the thermal reaction ; the results arc given in Table HI. The mixtures 

Table HI — 1*7 cm tube. Temperature 585® C 


%0, 4-75 2-37 MS 0-50 0-U 

Total pre8«ure 100*5 103-0 09-0 100 0 99-0 

Rate 15*0 6*0 3-S 1*75 O-SO 


were made up separately in a gas holder before admission to the reaction bulb. 
As might be expected, oxygen considerably increases the rate, which may, of 
course, be due to the propagation. Examination of the values of A/? (not 
given) will not, however, sustain this explanation entirely. Comparison of 
the experimental with the calculated values of indicated that hydrogen and 
oxygen do react to yield H or OH which then start off the chains. In order 
to find whether this additional source of carriers is due to a wall or to a homo- 
geneous process, the kinetics of the reaction were further investigated with 
respect to [N 2 O], [H 3 ] and packing. R is directly proportional to [Og], as 
may be seen if the residts are plotted. Hydrogen and nitrous oxide are 
inhibitors, for the initial rate of reaction is very nearly independent of pressure, 
as is shown in fig, 1 , where Ap — ^ curves are plotted for a mixtim^ containing 
3*3% oxygen. One prominent point is that the curves bend round compara- 
tively rapidly, especially at low presauxes, long before the reaction has gone 
to completion. The oxygen must therefore be consumed in the initial stages. 
To investigate the individual effects of hydrogen and of nitrous oxide, the 
following procedure was adopted : was fixed at 50 mm, fch »t 2*4 nun, 

’ and ph, was varied within measurable limits. A similar set of experiments 
was made with = 150 mm. A third series was carried out in which pH, 
and po, were respectively 60 and 2-6 mm, and p^.o was varied. The results 
are summarized in Table IV where it will be observed that hydrogen and 
nitrous oxide exert about the same inhibitory action. The approximate 
constancy of R , and R . p^^* showa that the rate is inversely proportional 
to the square root of the pressure, but when the pressure of nitrous oxide is 
considerably greater than that of hydrogen, the latter ceases to have any 
effect. 
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Table IV— 5 cm bulb. Temperature 668“ C 




Ph , 

B 


48-2 

2-4 

24-2 

15*0 

7*5 

48-2 

2-4 

50*0 

11*4 

8*1 

48-2 

2-4 

100*2 

7*2 

7*3 

484 

2-4 

199-8 

4*6 

0*5 

48-0 

2-4 

299*6 

4-0 

6-9 

140-0 

7*0 

150*0 

5*6 

6-9 

188-0 

7*0 

100*4 

5*6 

5-6 

143-2 

7-0 

60*0 

6*6 

4-6 

141-1 

7-1 

25*0 

6-0 

3-0 






199-5 

2*6 

48*6 

2*1 

3*0 

148*7 

2-7 

48*7 

2-8 

3*4 

99-1 

2-7 

49-1 

3-6 

3-6 

48-4 

2-7 

48*4 

5-2 

3-6 



fto. 1 — Effect of total preBsure, tliermal high preBSure reaction, 3-3% oxygen, tempera- 
ture 632° C 


Argon does not cause any inhibition when added to the extent of 200 mm to 
100 mm of Hj-Oj-NjO mixture. Packing experiments were also made to 
determine the nature of chain termination, using exactly the same tube and 
packing material as employed in the thermal high pressure experiments 
(Part I, p. 632). For comparison, the results are given in full in Table V. A 
decrease of 60% occurs in the rate, which is the same as that found for 02 -free 
mixtures. 
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Table V-2-5 

cm tube. 

Packing 0-7 

cm tiibes. Temperature 640° 

Composition of mixture, 

lOOj, 250H j, : 

250NgO. Total pressure 100 mm 



Packed 


Empty 

i 


4p 

Ap 

Ap 

1 

5-3 

6-3 

120 

11*5 

2 

10-0 

12 0 

21*6 

20-6 

3 

13-5 

160 

28*0 

27*0 

4 

17-0 

19-0 

33*0 

32*0 

0 

21 0 

23-5 

40*0 

38-5 

H 

24-5 

26 0 

42*0 

41*0 

10 

26-0 

28-0 

43*5 

— 


Since the discussion of the temperature coefficients of the different reactions 
has shown that there may be a possibility of assigning separate values to the 
various steps in the reaction, measurements were made of the apparent energy 
of activation of the present reaction, Table VI. 

Table VI — Composition of mixture, lOO^, I5OH2, IbONgO 


Tempt'raturft “ C 510 555 672 590 000 049 

Rate 2-9 6-0 8-6 11-2 13-7 20-5 


K ..r 17-4 k. cal. 

The change in the kinetics of the reaction is complete. The effect of pack- 
ing and of inert gases show, however, that similar termination reactions occur. 
The initiation factor is quite different and the fall in the apparent energy of 
activation shows that nitrous oxide no longer plays any important part in the 
first stages. It has been seen how oxygen affects the propagation factor, 
and in order to make certain that these fundamental changes in the kinetics 
were partly due to initiation, the following series of runs was made. Con- 
ditions for reaction were so arranged that the rates of the four reactions — 
thermal H2-N2O, thermal Hg-NgO-Oa, photo Ha-NgO, photo Ha-NgO-Og, 
were all comparable. If oxygen affects the propagation factor only, then the 
acceleration of the thermal and of the photo reactions should be the same 
On the other hand, if the initiation factor is also affected, then the acceleration 
of the photo reaction will be somewhat smaller than that of the thermal. 
The reasons for these statements can be readily seen if the general velocity 


equations are set down for the four conditions : 

Kt-Pt.It*.* (1) 

Rt, o, — (Pt + P 05 ) (It + ( 2) 

I’^T == Pt • (It + Ip)^ (3) 

pRt. o, — (Pt + Po.) (It + lo. + (4) 


* The termination factors are identical for all four reactions, and for aimplicity are 
not inserted in the equations. 
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lflo.=-0, 

R ro, — T ^ pI^T, O, — pi T* 
If lo, ^ 0 and It % lo. % Ip, 


Rt, o, — Rt pRr — pRx, 0,* 

P and I are propagation and initiation factors. The suffixes T, O 2 , P refer 
respectively to the thermal, the Og, and the photo reactions. From these 
equations, the relative values of Ix, lo,, und Ip may bo calculated. Let 
Po, — ocPt, a can be computed from the oxygen content of the mixture and 
the results in Table VII. Equations (1) and (3) yield 

lT-Ir{RT%.Rr®--KT% 


and (1), (2), (3). and (4) give 



where a = pKt, — (1 + Rp^ and h = Rx, o,® — (1 + a)“ R r®. 


Table VII — 5 cm tube. Composition of mixture, 60g, 247Ha, 247NgO. 







a 

= 0*30 





Temp. 

ProH- 











sure 


Rt 


pRt 

0 , 

( p ^ T , 


650 


100 


0*60 

2*76 

1*96 

3-46 

2 * 16 


1*50 

678 


60 


0-70 

4*30 

2*40 

6*00 

3*58 


2*6 

572 


100 


106 

4*20 

3*3 

6*9 

3*16 


2-0 

672 


150 


1*96 

4*9 

3*2 

0-0 

3*0 


2-8 

tJ 18 


100 


3*4 

8-7 

6*9 

10*5 

6*3 


4*8 


It 

: 

Ip 

= ^ 0 . 



It 

: Ip : 

^ 0 , 



1 


9*6 

11*7 



0*14 

1 

1*22 



1 


100 

21*9 



0*096 

1 

2*07 



1 


8*9 

8*9 



0 H 2 

1 

1 *00 



1 


1*06 

2*00 



0*60 

1 

1*67 



1 


2*01 

2*87 



0*50 

1 

1*43 



The results for a few different pressures and temperatures are collected in 
Table' VII. The acceleration of the two reactions is not equal, as will be 
observed from an examination of columns 7 and 8. This is more clearly shown 
by the calculations on the relative magnitudes of I. In the first set, Ii’ = 1 
and in the second Ip = 1. Ip is nearly independent of temperature and 
pressure and hence the variation of the other quantities is given in better 
perspective. The second set of calculations demonstrates that the thermal 
reaction, compared with the photo, is greater as the temperature and pressure 
increase. The first shows that initiation by oxygen is of greatest importance 



768 


H, W* Melville 


at low pressures and temperatures. This is in accordance with the value of 
E for the oxygen reaction being smaller than E for the normal reaction. 
Furthermore, since it has been found that the temperature coefficients of the 
propagation factors are nearly the same, the effect of packing is identical and 
there is initiation by Og, it must be concluded that, under these conditions, 
the hutiation reaction involves both and Og and takes place in the gas 
phase with an energy of activation considerably dess than that for the de* 
composition of nitrous oxide. 



2 — Effect of total presaure, thermal low prosaure reaction, temperature 602“ C, 2*91% 
oxygen 

The Low Pressure Reaction 

It has been mentioned previously that, above 50 mm the pressure of a given 
Hg-NjO-Og mixture does not affect the initial rate. As the pressure is reduced 
below this value, the rate diminishes linearly as is indicated by fig. 2, The curve 
does not pass through the origin, but makes an intercept on the pressure axis. 
The reaction velocity would thus appear to drop to a very small value when 
the pressure is below a certain critical point, in the present instance, 8 mnu 
If the individual runs are examined, it is found that Aj? increases quite rapidly 
at first, but later changes only very slowly, although the reaction has not 
proceeded to completion. For example, with an initial pressure of 19 <4 mm, 
Ap is almost steady after attaining 4 mm, which is equivalent to 40% of the 
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total possible increase. Had the observed value of Ap been due to the H2-0a 
reaction alone, the pressure decrease would have been 0*6 nun. The com* 
paratively abrupt bending over of the Ap — t curves is due to the pressure of 
the mixture falling below the critical value. An essentially similar phenomenon 
is obtained when the oxygen content of a I : IHg-NgO mixture at constant 
pressure is altered (Table VIII). Above 12*6% Og, the reaction is rapid 
and increases if the oxygen percentage is raised to 5. At 0 • 63%, however, the 
rate has dropped to a very small value. On raising the temperature to 650®, 
a conveniently measurable velocity is obtained, which does not greatly depend 
on the oxygen content and is, indeed, not much faster than that for the oxygen- 
free gases. 

Tabic VIII 


Temp. , 570 570 670 660 

%Oj5 5 1-25 0-6S 0*63 

Pressurt? 12-80 13-06 12-84 12-80 




Ap 


Ap 

Ap 


Ap 


0-25 

2-26 

0-25 

0-46 0-5 

0-00 

0-5 

0-38 


0-50 

3-4« 

0-50 

0-76 2 

0 04 

1 

0-62 


0-75 

4- 16 

()-76 

0-88 4 

0-06 

2 

1-00 


1-0 

4-44 

1 

1-02 


3 

1-30 


]-2r) 

4*64 

1-5 

1-36 


4 

1-56 


1-76 

4-82 

2 

1-54 


6 

1-88 




3 

1-82 


8 

2 10 




6 

2-06 


10 

2-30 

Temp. ® C 



650 

650 


660 


% o, 



0-.31 

0-16 




Pjvtwure , 



12 71 

12-98 


12-80 




t 

Ap 

i Ap 

t 

Ap 




1 

0-26 

1-5 0-38 

1 

0-20 




2 

0‘56 

3 0-70 

2 

0-38 




4 

0-96 

4 0-80 

4 

0-80 




(} 

1-28 

7 1-40 

6 

1-04 




8 

1-60 

10 1-78 

10 

1-62 




10 

1-88 

15 2-36 

14 

2-16 




15 

2-36 

21 2-78 






20 

2-78 






If the Ap -‘t curves are plotted, the same tendency to bend over is not so 
marked at 650®. The oxygen pressure would thus seem to control the position 
of the critical point. If the reaction above the critical pressure is to be 
identified with that at high pressures, it would be expected that, as with Og-free 
gases, the apparent energy of activation would decrease with pressure. This 
is borne out by the data in Table IX, where it will also be noted that, for a 
given mixture at a constant pressure, there is a critical value for the temperature, 
J>elow which the rate is slow. 
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Table IX—Composition 1208, ^OONjO, 2 OOH 2 . Preseure 12-8 mm 

5 cm tube 


Tempera-ture C 610 619 625 640 600 626 

Rate 0 01 0-96 1-25 2 06 3-3 6-2 


E «= 30-6 k. cal. 

Finally, packing experiments show clearly the importance of inhibition by 
walls. For example, in the 6-cm tube at 550° with a mixture containing 
2 • 9*^/^ O 2 , the critical pressure was 6 mm, the rates at 7 • 67 and 20 • 10 mm being 
respectively 1*00 and 2*40 mm/min. On packing the tube completely with 



Fia. 3 — Effect of total pressure, packed reaction bulb. Temperature 710° 2*9% “O 2 : 

0*7 cm tubes, no measurable reaction occurred at all and the temperature had 
to be raised to 710° to get a conveniently observable rate, which for a pressure 
of 16 mm was 1-65 mm/min. The rate of the Hj-NgO reaction was now 0-50 
ram/min. In the packed tube, however, there was still evidence of the existence 
of a critical pressure, for it will be seen from fig, 3, where Ap — t curves are 
plotted for different total pressures, the form of the curves changes between 
9*60 and 11*24 mm. This is brought out more clearly in Table X where a 
comparison is shown for an Og-free and an Og-containing mixture at 16*00 
and at 8 mm, u.e., above and below the critical pressure. The acceleration of 
the reaction is much greater at 16 than at 8 tnm. 

It should be mentioned that, in all these experiments, the mixtures were 
made up previously in a separate gas holder, for it was neither convenient nor' 
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accurate to add small amounts of oxygen to the H 2 -N 2 O mixture. A con- 
siderable number of experiments was carried out in which the gases were added 
separately to the bulb and the important observation was made that, if only 
hydrogen and oxygen were admitted without nitrous oxide, there was immediate 
explosion and the pressure fell extremely rapidly. This occurred with pressures 
and temperatures above the critical values for the H 2 -N 20 - 0 g reaction. 

Table X — Composition of mixture as in Table IX 


Above transition point Below transition point 

O* free O, free 

p 10*04 10-24 8-00 8-00 


1 

Jp 

t 


t 



Ap 

0*5 

1-64 

\ 

0-40 

0*5 

0*09 

0*5 

0*03 

11 

2 00 

2 

0-84 

1 

0*20 

1 

0*21 

2-1 

n-24 

4 

1*74 

2 

0-59 

2 

0-30 

4 


0 

2*40 

3 

0*85 

3 

0*63 

6 

4-54 

8 

3 02 

5 

1*20 

5 

0*83 

a 

504 

10 

3*44 

7*5 

1*05 

7-5 

117 

Bo 

1-30 

RO 

■42 

RoO 

•295 

RO* 

175 


Ro/H 

7-9 



Ro/R 

^ 1-09 




Intensity 

Fia. i 


The unusual character of the reaction is further borne out by experiments 
on the effect of the intensity of the light in the photochemical reaction in the 
region of the transition point. The rate-intensity curves are given in fig. 4 
for three temperatures. The dark reactions were not greater than 5% of the 
total. At 492°, a linear relation is obtained as might be expected, but at 510° 

3 H 


VOI,. CXLVI.— A, 
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and still more so at 550®, curvature is marked in sucli a way as to indicate 
that the exponent of I at 510® is 0-5 and even less at 550® for the dotted curve 
refers to R I^. Tlie interpretation of the results at 510® might simply 
be that the increase in rate has altered the termination process from a wall 
to a gas phase reaction. Although this may in part be true, the fact that at 
550®, R where n > 2 and that in the ordinary photo reaction, H 2 “NaO, 

nt a rate of the order of 1 ram per minute surface termination is still pre- 
dominant, shows that this explanation is not sufficient. 


Discumm of the Mechunism 

The critical point observed in the low pressure Oj-reaction bears a remarkable 
similarity to the lower limit in H 2 -O 2 nuxtures. The reaction above this 
point is not, however, an explosion, for it was quite easy to get spontaneous 
inflammation at low pressures if the temperature was raised sufficiently. 
Since the mixture itself is spontaneously explosive and, above the 

critical point initiation is largely due to the H 2 -O 2 reaction, it may be that the 
stable reaction observed is not unlike the degraded (“ entartete ”) explosions 
of Somenofl.’'* It would appear that there is some additional inhibition factor 
coming into operation wliich prevents effective branching of the chains. The 
intensity-rate relationships support this argument, for at the highest tempera- 
ture 550®, the rate has become almost independent of intensity ; that is, 
initiation ceases to play any important role in determining the course of the 
reaction. This latter effect is one of the characteristics of a pure lower explosion 
limit. Nitrous oxide is, in fact, an inhibitor of the H2~02 reaction for, although 
it reduces the lower limiting pressure for explosions like argon or helium, f the 
critical pressure rises again as the amount of NgO increases, e.ff., 

Temperature 515® C 


1-60 1‘27 1-21 1-23 1*61 

Pn.o — 3-20 4*81 6*57 9*61 


The limit was determined by admitting a 2 : 1 Hj-Og mixture until inflammation 
was observed. A short time was allowed for the water formed in the explosion 
to be withdrawn by the P 20 ji, when the residual pressure was noted. Nitrous 
oxide was then added and the foregoing procedure repeated. 

♦ phys. Chem.,* B, voL 2, p. 464.(1931). 

t Hinehelwood and Moelwyn- Hughes, <Proc, Roy. Soc.,’ A, vol. 138, p. 311 (1932). 
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Some curious observations were made during these experiments. If the 
H2-O2 mixture was quickly admitted to the tube and the lower limit passed, 
a much more violent explosion occurred at about 1 0 mm, which was accompanied 
by rapid vibration of the manometer pointer. If the flow of hydrogen and 
oxygen was arrested, the pressure fell very quickly as the water was removed. 
During this period, successive explosions were observed in the reaction tube, 
resembling those obtained with P4*02 mixtures when the lower limit is passed. 
There may be some connection between these two types of explosion and tlie 
experiments of (luellct* who used a quantum counter for investigating the 
lower limit of the P4-O2 reaction. In these, the lower limit wavH succeeded 
at a higher pressure by another explosion with a flash of a different colour, 
which alone affected the counter (it may be noted that the counter was only 
sensitive to radiation of X < 280 mp) and hence it was concluded that there 
were two kinds of explosion in so far as the nature of the chemiluminescence 
was concerned. 

The modification of the previous theory of the effect of oxygen to allow for 
branching is simply made. It will be assumed that branching occurs in the 
step HOg + Hg and that as usual (a — 1) is the efficiency of branching, i.c.. 
the probability of two OH radicals being produced when one H atom disappears. 
The equations for the stationary concentrations of H and of OH are therefore 


= H [H,] - [H] [N,0] - fc, [H] - IHJ [OJ = 0, 


= I + Z-4 [H] [N,C)] - h, [OHJ [H,] + aA-„ [HOJ 0, 


whence 


d[E^O] 


{^«[Ns,0] + A-u[0*)} 


I 

^9 H" ^11 


At low temperatures, a is very nearly unity and hence the second term in the 
denominator vanishes. The condition for explosion is — 1) ^^[Og] 

and therefore the limit should be sharp as in the thermal Hg-Og reaction. In 
the present reaction, however, a rather peculiar jx)sition arises. It has been 
seen that there is a little gas phase termination in the low pressure reaction. 
If the stationary concentration of H or of OH be raised much above that obtain- 
ing under the conditions employed in these experiments, for example, by a 
branching mechanism, gas phase termination will become of ever-increasing 
importance. The functioning of this additional inhibitory factor may, at any 


* * Tranfl. Faraday Hoc.,’ vol. 29, p. 486 (1933). 


3 H 2 
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rate in a small region, prevent effective branching and thus allow the stable 
reaction to be measured. The transition point is therefore reached when [H] 
attains a certain value, which will naturally be affected by packing, tempera- 
ture, and oxygen content of the mixture, in a somewhat similar manner to a 
lower limit. At high pressures gas termination is so important that a sharp 
transition is not obtained ; likewise, when the chains are short, as in a packed 
tube, transitional characteristics are only slightly in evidence. 

On p. 762 it was shown that although oxygen is more effective than NgO 
in producing OH radicals from a hydrogen atom, yet the energies of activation 
of the two reactions are almost identical. First of all, this rules out the possi- 
bility of the simple reaction H + + Og — HgO + OH since, if such a 

ternary collision required the same energy of activation as H + NgO, the 
probability of its happening wo^dd be extremely small. Recently, L. Farkas* 
has mijasuxed the rate at which H atoms are removed in a mixture of Hg and 
Og at room temperature and found that the velocity was about 1 /60 of that 
calculated from the number of ternary collisions H Hg -h Og, and is not 
changed by temperature. This discrepancy can be explained by supposing 
that the removal of an H atom is not accompanied by the production of OH. 
This latter process requires as much activation as the reaction H + NgO. 
But the oxygen molecule is more effective than the NgO molecule in yielding 
OH, and therefore the rate of HOg + Hg = HgO + OH, athough possessing 
the same energy of activation, is faster than H + NgO OH + Ng. The 
concentration of HOg must consequently be greater than that of H ; from the 
results in Table I, the order of magnitude is 10. 

The author desires to thank Dr, E. B. Ludlam and Professor J. Kendall for 
their continued help and encouragement throughout the course of this work, 
wliich was carried out in the Chemistry Department of the University of 
Edinburgh and subsequently at the Department of Colloid Science of the 
University of Cambridge. He also thanks the Royal Commissioners of the 
Exliibition of 1851 for a Senior Studentship. 


Sumnmry 

The effect of the addition of oxygen on the kinetics of the hydrogen-nitrous 
oxide reaction has been investigated in order to compare the Hg-NgO and 
Hg-Og reactions under similar conditions. 


* Privste Communication 
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Summary of lieactioiut 


Koaotion 

Kinetic equation 
(observed) R 

Kinetic equation 
(calculatod)lj R 

E 

(total) 

E 

(initiation) 

Thermal high \ 
preaaui'e / 

[N,O][Ha]0*6* 

.V m . /iN.O]([N,0] + rH,]) 

^ ’ W aN,0] + [HJ) 

306 

57 

Thermal low \ 
preHaure J 


tN,OJ*(lN,OJ + [H.]) 

4«-6 

50 

Photo high \ 

pressure / 

li 

[N.O] a/ — H 

^ ' V ([N.O] + [H.])* 

<30 

0 

Photo low I 

pressure / 

f.N,0][H,f I 


U 

0 

Thermal high \ 
pressure + 0, / 



17 

<57 

Thermal low \ 
presHuro -f 0* j 

[0.] 

([N.0] + o[0,]) T 

31t 

<50 

Photo high \ 
prt'saurc 4* Og J 

— 


<17§ 

0 

Photo low \ 
pressure -f* 0* j 

[0.].I(i-*n)t 


14 

0 


* These exponents are to some extent a function of [NjO]. 
t Kx|x*nent depfnida on temperature, 
j Measured above the transition point. 

I Eatimated from the data in Table Vll. 

II The coefficients for |H1 and (N,OJ are not inserted. 

The thermal and mercury photosenaitiztad reactions have been studied in 
the pressure range 1-300 mm. 

At high pressures, the addition of small quantities of oxygen increases the 
velocity, the kinetics change entirely and the energy of activation falls off. 
By using photochemical methods it is shown that oxygen participates in the 
initiation and in the propagation of the chains. From packing experiments it 
is also shown that initiation is homogeneous. 

At low pressures in the thermal reaction, a transition point is observed above 
which the reaction is comparatively rapid and below which it is slow, provided 
wide bulbs are used. This point depends on the oxygen content and the 
temperature of the gases ; it is displaced to higher temperatures on packing 
the reaction tube. The phenomenon has some definite connection with the 
lower limit of the Hj-Og reaction. Photo experiments confirm these observa- 
tions in that as the temperature is raised the value of the exponent n in the 
equation Rate — const. X (intensity}** decreases from unity to almost zesro. 
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The Exchange of Energy heUveen a Platinum Surface and Gas 

Molecules 

By W* B. Mann, Physics Department, Imperial College of Science, London 
(Communicated by G. P. Thomson, F.R.S. — Received May 8 , 19*H) 

Recent experiments by Roberts* have shown, not only that tlie accommoda- 
tion coefficients of helium and neon atoxns impinging on a clean heated tungsten 
surface arti extraordinarily low, but also that these values increase with time 
after cleaning the surface. To explain this increase he suggests the gradual 
formation of adsorbed films on the surface of the tungsten due to residual 
impurities in the gas. The primary object in starting the investigations to 
be described in this paper was to gain some information as to the nature of 
these films, the existence of which has also been postulated by Blodgett and 
Langmuir.f For this purpose experiments have been carried out in which 
the emission of energy from electrically heated wires of platinum, a metal 
relatively resistant to contamination, has been investigated under varied 
conditions. 


Apfaratm 

A pure platinum w'ire about 20 cm long and 0'025 mm diameter was silver- 
soldered to platinum leads of 0-4 mm diameter and mounted loosely in a 
vertical glass tube of approximately 5 cm diameter. The wire was connected, 
by double leads, to a Thomson bridge, by means of which the resistance could 
be determined and also controlled by suitable adjustment of the current. 
The potential drop along the wire was measured by means of a Siemens and 
Halske potentiometer. The mean temperature of, and the heat developed in, 
the wire could thus be determined. 

The tube containing the wire was connected by glass tubing of 1-5 cm 
bore to a flask of about 10 litres and to a pipette system which has been 
described by Knudsen,t by means of which small quantities of gas at a known 

• ‘ Pn>c. Roy. Soc..’ A, vol. 129, p. 146 (1930) ; voL 135, p. 192 (1932) ; vol. 142, p. 519 
(1933). 

t ‘ Phys. Rev.,’ vol. 40, p. 78 (1932). 

t * K. tianske vidensk. Selak. Skr.,’ vol. 7, p. 15 (1927). 
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pressure could be expanded into the apparatus to give accurate pressure 
increments of any value from 0*01 dyne /cm*. 

To determine the residual pressiire in the apparatus after evacuation a 
radiometer gauge was constructed in which a vertically hanging aluminium 
leaf, 0 * 5 (jL thick, 3 mm wide, and about 5 cm long, was repelled by an electrically 
heated vertical platinum blade, 1*5 p thick, 3 mm wide, and 4-5 cm long. 
The blade was included in one arm of a Wheatstone net and its resistance, 
and hence its temperature, was controlled by adjustment of the current flowing 
through it. For a mean temperature of the blade of about 45^’ C a deflection 
of 2*5 microscoj)e scale divisions per 1 dyne/cm* was obtained, the aluminium 
leaf being at room temperature. 

The tube containing the wire was immersed in a vaseline oil bath which was 
kept stirred by means of compressed air. A mercury in glass thermometer, 
standardised by the Deutsche Physikalische Reichsanstalt, was used to deter- 
mine the temperature of the bath. 

Experimental Procedure 

After weighing and mounting a wire it was annealed at red heat in air to 
remove strain ; a necessary procedure in order to obtain reproducible values 
of the resistance, and the temperature coefficient of resistance, of the wire. 
The resistance of the wire was then determined at room temperature and at 
the boiling point of water and the temperature coefficient of resistance deduced. 
This was found to have a mean value of 0 *003901 per degree C. With the 
tube in the oil bath the apparatus was evacuated and the current flowing 
through the wire adjusted until its resistance corresponded to a mean tempera- 
ture of about 100° C. The radiation heat loss was determined and then gas 
was admitted to a known pressure. The bridge was then rebalanced and the 
new heat loss from the wire at the same mean temperature determined. The 
ratio of the difference of these two heat losses to the theoretical difference of 
heat loss deduced by Knudsen* for the given differences in pressure and 
temperature gives the accommodation coefficient. The observed heat develop- 
ment in the wire must always be corrected for the energy loss through the 
ends of the wire. 

Readings were taken for a series of pressure increments, up to about 800 
dynes /cm* for helium, in order to determine the range of pressure over which 
the relation given by Knudsen for the molecular heat conduction is valid. 


* ‘ Ann. Physik,' vol. 34, p. 693 (1911). 
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With a fresh specimen of gas in the apparatus the temperature of the wire 
was now raised, usually to 1000*^ C, and the accommodation coefficient was 
determined from readings taken at that temperature. In general the accom- 
mociation coefficient fell exponentially with time, many hours, in one instance 
50, being needed before the heat loss from the wire became constant. 

A constant value having been oI)tained the mean temperature of the wire 
was lowered to different temperatures between 100® and 1000® C, and the 
variation of the accommodation coefficient of the surface with time determined 
at each of these temperatures, the wire being raised to 1000® C between each 
set of determinations. The apparatus was now evacuated and the radiation 
heat loss determined for the “ clean wire at each temperature. Readings 
were repeated using fresh specimens of gas, but, in general, it was found that 
after the first “ conditioning of the wire it was not necessary to keep it very 
long at 1000® C before the minimum constant value was reached ; the time 
depending to a very great extent on the length of the period during wliich the 
wire had boon left at a lower temperature. 

After a complete set of readings with a given specimen of gas, the current 
through the wire was lowered so that the temperature of the wire was only 
a few degrees above that of the bath. Resistance readings were taken for 
different values of the wattage and a linear extrapolation made to zero wattage 
to give the resistance of the wire at the temperature of the bath. 

When not in use the apparatus was left evacuated. It was found to be 
necessary, however, to keep the wire always at a higher temperature than its 
surroundings in order to prevent condensation of mercury, from the mercury 
seals in the pipette system, on to the wire. Considerable difficulty had been 
experienced with the first wire, results for which are not given, through such a 
condensation. A current, therefore, sufficient to keep its temperature at 
about 100® C was always left flowing through the wire. 

A liquid air trap between the pipette system and the tube containing the 
wire could be used to remove mercury from the apparatus during an experi- 
ment, the last mercury seal being provided with a ground glass float seal 
which prevented mercury from distilling into the apparatus. This seal was 
also closed when the apparatus was not being used. 

Results for the accommodation coefficients with respect to three platinum 
wires are given. For convenience of comparison these three wires will be 
identified by the letters A, B, and C. No correction has been made for the 
thermal expansion of the platinum surface. Such a correction would amount 
to only 1% at 1000® C. 
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A brief preliminary outline of the general results obtained will serve to 
render the detailed observations for individual gases more readily intelligible. 

In general, on lowering the mean temperature of the wire to, say, 100" C.> 
after cleaning at about 1000" C, the accommodation coefficient was observed 
to increase with time, a quite rapid rise being observed in the first few minutes 
after lowering the temperature of the wire. This is illustrated by the curve 
shown in fig, 1 where the mean temperature of the wire has been lowered from 
1000" to 100" C. On again raising the temperature to 1000" C the wire is 




Time in mins, after lowering mean temperature of wire from 1000'^ C 
Fia. 1 — ^Helium 


usually cleaned in a very short time, even though the initial cleaning of the 
wire may have taken as long as 40 hours. The contamination on lowering 
the temperature of the wire always seemed to be of a superficial nature. 

The form of the curves obtained on lowering the temperature of the wire, 
make it somewhat difficult to make any satisfactory extrapolation to zero 
time in order to obtain the accommodation coefficient with respect to a clean 
wire at a temperature of 100" C. Roberts uses an almost linear extrapolation. 
It would seem, however, that the contamination occurs most rapidly within 
the first 2 minutes after lowering the temperature of the wire, in which case 
such an extrapolation would be invalid. 

It was found that oxygen had a quite remarkable effect on the platinum 
wire. It was found to attack the wire at 1000" C, a quite appreciable mass of 
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platinum being removed. After this action the susceptibility of the wire to 
contamination on lowering the temperature was most markedly decreased ; 
no increase in the accommodation coefficient being observed at temperatures 
at which, previously, there had been a quite appreciable increase. For different 
gases the following results were obtained. 

1 Helium — Preliminary experiments were carried out using a specimen of 
helium 96% pure. From these it was concluded that the wire could be 
thoroughly cleaned at about 1200^ C, no increase in the heat emission being 
observed on lowering the temperature of the wire from 1400® to 1200® C and 
only a slight increase on lowering to 1000® C. This wire (A) was accidentally 
fused during these experiments and a new wire (B) was mounted. 

Results were now obtained uting a specimen of spectroscopically pure 
helium, such low values having been obtained for the accommodation coefficient 
0*04) for the impure helium that it was to be expected that small quanti- 
ties of impurity might influence the results quite considerably. 

Before cleaning the new wire, by heating to 1000® C, experiments were 
made witli the wire at a mean temperature of 100® C, at different pressures, 
in order to determine the range of pressure over which the heat conduction 
through tlie gas is a linear function of the pressure ; that is, to determine the 
limiting pressure below which the mean free path of the gas molecules is 
sufficiently large compared with the dimensions of the wire for the assumption 
of pure molecular conduction to be justified. 

This assumption will be valid so long as the radius of the wire is so small, 
compared with the mean free path of the gas molecules, that the probability 
of a molecule re-colliding with the wire with only one intermediate molecular 
collision is negligibly small 

The results shown in Table I were obtained, the decrease in the accommoda- 
tion coefficient with increase of pressure being due to the falling away of the 
heat conduction from the value given by the linear relation. 


Table I 

Pn^Hure of helium in dynes /cm* 120*9 234-8 342-1 

Acoommodatiun coefficient 0-353 0*353 0*352 

Pressure of helium in dynes /cm* 627-9 712 *2 

Accommodation coefficient 0-349 0-347 


443-1 538-3 

0-351 0-850 

791-6 866-0 

0-346 0-345 


As it is not possible to obtain absolute values of the accommodation co- 
efficient to a greater accuracy than about 2 or 3%, it will be seen from these 
results that to work at a pressure of about 600 d)mes/cm® will be legitimate. 
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The wire was now heated to 1000® C at which temperature, during 27 hours, 
the accommodation coefficient fell to a minimum value of 0 • 066, The tempera- 
ture of the wire was now lowered to 100® C and the variation of the accom- 
modation coefficient with time, at that temperature, is shown in fig, 1. The 
temperature was lowered, simultaneously with the starting of a stop-watch, by 
bringing an appropriate resistance into the circuit by means of a double-pole 
switch. After a period of 17 hours at this temperature the accommodation 
coefficient had risen to 0*306 and finally rose to 0*314 after standing for a 
further 50 hours. While the absolute values of the accommodation coefficient 
are of little value beyond the second place of decimals, it is, however, quite 
legitimate to take account of the third figures in the consideration of the 
variation of the accommodation coefiicient for any given set of conditions, the 
only variable upon which this variation depends being an accurately deter- 
mined potential difference. 



Time in mins, after lowering mean temperature of wire from UK)0^ C 

2— Helium 

With a fresh sample of gas, this and all subsequent samples being taken 
from the same bulb of spectroscopically pure helium, the wire was cleaned at 
1000° C, and the accommodation coefficient determined at different tempera- 
tures of the wire. The results are shown in fig. 2 in which the temperatures 
given refer to the vrire. The values at 1200° and 1000° C were constant, but 
at all other temperatures a variation with time was observed. It will be 
noticed, however, that all the curves tend to converge to a common value 
between 0*045 and about 0*07, This is of importance in that it shows that 
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the variation of the accommodation coefficient with the temperature of the wire isi 
small provided that the condition of the surface of the wire be kept unaltcired. 
It must be remembered, however, that, when the temperature of the wire is. 
increased from 100'' to 1000° C, there is only a small change in the mean tempera- 
tures of the gas atoms leaving tlie wire, namely, from about 25° to 80° C, The 
only fundamental difference would seem to be that at 1000° C the wire is* 
protected from contamination. 

With regard to these results, it should be remarked that after the accommo- 
dation coefficient of the surface had risen to 0*25 at 100° C it required only 
some 15 minutes heating at 1000° C in order to reduce it to 0*059 at that 
temi^rature. In the initial cleaning of the wire after it had been standing: 
several weeks in air it required, however, more than 2 hours heating at 1000° C 
in order to reduce the accommodation coefficient from 0*14 to 0 *070, and a 
further 18 hours at that temperature to reduce it from 0*070 to 0*060. It 
would seem therefore that, although the surface becomes contaminated very 
rapidly, especially within the first 2 minutes, the contamination is purely 
superficial After very long periods, however, this or some other contamination 
would seem to become more deeply absorbed and, correspondingly, more 
difficult to remove. 

It is also interesting to note from these results that, as the ultimate value of 
the accommodation coefficient at 100° C is about twice as great as the ultimate 
value at 200° C, it requires almost the same amount of energy to maintain 
the wire at 200° C as to maintain it at 100° C. It so happens, indeed, that 
less energy is required to maintain the wire at 200° C after 1^ minutes from 
the time of lowering the temperature from 1000° C than is required to maintain 
it at 100° C after 7 minutes, A range of almost unstable equilibrium thus 
exists in which any increase of current at 100° C will result in a cleaning of 
the wire and consequent rise in temperature. This was first observed when, 
with the wire at 100° C, I tried to anticipate the rise in accommodation co- 
efficient by increasing the current. The temperature rose, however, and the 
accommodation cotjfficient fell It is thus necessary to alter the current to 
rebalance the bridge in following the rise in accommodation rather carefully 
in order to get a true relation between the increase of accommodation and 
time at a temperature of 100° C. 

The wire was now heated to about 1000° C in oxygen at a pressure of 570 
dynes/cm^ for 20 hours. During this period the resistance of the wire was 
observed to increase and subsequent weighing revealed that its mass had 
correspondingly decreased by some 5%. After this treatment lower values 
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wre obtained for the accommodation coefficient with respect to helium, 
the results being shown in fig. 3. In addition the wire showed a very marked 
decrease in its susceptibility to contamination. Where, previously, the heat 
loss from the wire had increased with time at 800^ C, after cleaning at 1000® C, 
no such rise is now observed until the mean temperature of the wire is lowered 
to 400® C. At 100® C the rate of increase is also greatly reduced as will be 
observed by comparison between figs. 2 and 3. The limits, between w^hich 
the extrapolated values to zero time seem to lie, are also very much closer 
after the oxygen treatment, the upper and lower limits being 0*035 and 0-030 
respectively. It must be remembered, however, that the mean temperature 



Time in mins, after lowering temperature of wire from 1000"* C 
Fig. Helium 

increment of the atoms at impact with the w*ire at 1000° C is now only 30° C, 
the gas atoms leaving the wire having a mean temperature of about 50° C. 
Readings at 1(X)0° C, when the pressure was varied, gave values of 0*0340, 
0*0342, and 0 *0345 for the accommodation coefficient for values of the pressure 
equal to 186*0, 362*0, and 528*4 dynes/cm® respectively, thus justifying the 
assumption of pure molecular conduction at this temperature. 

In addition, experiments were made in which the apparatus was evacuated 
with, and without, liquid air on the trap between the wire and the mercury 
^als, in order to determine what effect the presence of mercury vapour might 
have on the accommodation coefficient. In the two experiments, with and 
without the liquid air, helium was admitted to pressures of 407 and 348 dynes/ 
respectively. 
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A set of readings was also taken in which the tube containing the wire was 
imnaerscd in a liquid air bath at 80® K. 

These results arc shown in Table II. 


Table II 


Moan temperature of wire in tiegretwj C 

1000 

800 

600 

400 

2C0 

Accommodation ooef. (without mercury) .. 

0 032 

0 032 

0 031 

— 

0 03iJ 

Accommodation coef. (with mercury) 

0*083 

0-032 

0*032 

o-os? 

0*036 

Acoomnuxlation coef, (liquid air bath) 

0*040 

0*040 

0*039 

0 03» 



With regard to the experiments with and without the mercury there was 
very little difference in the results obtained. The increase at 100° C was 
found to be a little more rapid with the mercury present, the accommodation 
coefficient rising from about 0*042 to 0*096 in 6 minutes as compared with a 
rise from about 0 * 033 to 0 • 068 in the same time without mercury. 

With the readings in the liquid air bath, the accommodation coefficient, 
instead of remaining constant on lowering the mean temj>erature of the wire 
to 800° C, was now observed to increase slightly with time at that tempera- 
ture. At 600® C a more rapid increase was observed. For the readings whtn 
the helium atoms striking the hot wire were at room temperature no increase 
of accommodation with time was observed until the mean temperature of the 
wire was lowered to 400® C. The difference may possibly be due to the helium 
atoms being more readily adsorbed, since they have a much smaller trans- 
lational energy at the temperature of liquid air. 

Filament B was now removed and weighed and a fresh piece of wire, fila- 
ment C, mounted. Results were obtained with this wire before and after 
heating at 10(K)® C in oxygen for 48 hours, during which time the mass of the 
wire, as shown by subsequent weighing, decreased by 8%. The values of the 
accommodation coefficient before the oxygen treatment were between about 
0*060 (at 116® C) and 0*038, and between about 0*044 (at 83® C) and 0*032 
after treatment. The same very remarkable decrease in the susceptibility 
of the wire to contamination was again observed ; the accommodation co- 
efficient rising from about 0*044 to 0*052 in 6 minutes, with the wire at 83®C, 
after treatment as compared with a rise from about 0*06 to 0*18 in the same 
time, with the wire at 116® C, before treatment. 

These values of the accommodation coefficient of helium ore of the same 
order as those obtained with filaments A and B. They are, however, not 
included in detail as they were less carefully obtained, the main object of the 
experiments with filament C being to verify the rather surprising action of 
oxygen. 
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2 Argon — ^Using a specimen of argon, 99-5% pure, measurements of the 
accommodation coefficient were made with respect to filament B after treat- 
ment with oxygen. The pressure in the apparatus was first raised to atmo- 
spheric for about 2 hours, by admitting dry air, in order to re-grease the taps. 
The apparatus was then evacuated and, without raising the temperature of 
the wire above 100'" 0, a value of 0*748 was obtained for the accommodation co- 
efficient of argon, the argon being admitted slowly, with liquid air on the last 
trap, to a pressure of 540 dynes/cm^. The wire was then heated at 1000" C 
in a vacuum, argon was admitted and new readings taken, at diflferent tempera- 
tures of the wire, without raising the temperature of the wire above 600" C, 
The results are shown graphically in fig. 4 by the upper set of points. On 



0 ^00 600 noo 

M<»an temperature of wire “ C 
Fio. 4 — ^Argon 

raising the temperature to 800" and 1000" C values of the accommodation 
coefficient were immediately obtained, which are shown. It was found, 
however, that the accommodation at 1000" C was falling. This fall w^as 
followed until a constant value of the accommodation coefficient of 0*356 
was reached asymptotically. With a fresh specimen of gas another set of 
readings at different temperatures taken. The accommodation coefficient 
at 1000" C was found to be 0*353 and the complete results are shown by the 
lower set of points in fig. 4. 

It will be observed that the results for argon differ from those obtained for 
helium in that the accommodation coefficient is not constant for different 
temperatures of the wire. The rise of the accommodation coefficient in the 
case of argon, on lowering the temperature of the wire, is, moreover, immediate 
and does not seem to be due to contamination. Thus for temperatures down 
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to 400® C there ia no increase of the accommodation coefficient with time after 
lowering the temperature. On lowering the temperature to 100® C there was 
a slight increase with time which necessitated an almost linear extrapolation 
to zero time ; the value rising, in the second set of results, to 0*558 within 40 
seconds, and to 0*579 after 6 minutes. After a further 12 hours the accom- 
modation coefficient had risen to 0*606. 

With argon, on account of its large accommodation coefficient, the atoms 
undergo a considerable change in temperature on impinging with the wire at 
1000° C. Wliereas with helium the temperature increment was only 30® C 
with the wire at 1000® after the oxygen treatment ; the temperature incre- 
ment witli argon, for the same temperature of the wire, is about 350® C. With 
argon we are, therefore, dealing with a considerably larger range of tempera- 
ture. It was observed, however, in the experiments with helium that the 
accommodation coefficient at the temperature of liquid air was approximately 
equal to that at room temperature. In his last paper, Roberts draws attention 
to the difference in the temperature variations of the accommodation co- 
efficients of helium and neon atoms with a tungsten surface due to the much 
larger attractive force exerted by the tungsten surface on an atom of neon. 
The above results for argon with respect to platinum show, when compared 
with the results for helium, an even greater variation with temperature which, 
together with the high value of the coefficient itself, may probably be ascribed 
to the still larger attractive forces existing in the case of this atom relative to 
helium. 

3 Mercury- From the “ radiation readings for the experiments on helium 
in which the apparatus was evacuated with and without liquid air on the trap 
between the mercury seals and the wire, it is possible to obtain an approximate 
value of the accommodation coefficient of mercury. With the apparatus 
evacuated, the difference in the heat loss from t/U" wire, at mean temperatures 
of 100® and 200® C with and without mercury vapoi r, together with the vapour 
pressure of mercury at room temperature gave values of 1*02 and 0*93 
respectively for the accommodation coefficient of mercury vapour. It would 
appear, therefore, that the accommodation coefficient with respect to mercury 
vapour is about unity ; a variation of 10% is not unduly large, the heat con- 
ducted by the mercury being given as the difference between two quantities 
already small. 

4 Hydrogen — Using filament A, before making the measurements with 
helium, results were obtained for the accommodation coefficient of hydrogen. 
Before attempting to clean the wire, experiments were first performed using 
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inorements of pressure at constant filament temperatures of 100®, 203®, and 
367® 0, the values of the accommodation coefficient obtained being respec- 
tively equal to 0*39, 0-30, and 0*26. 

The wire v?as now heated to 1000® C in order to clean it. The behaviour in 
hydrogen was exceptional, however, as the wire appeared to absorb hydrogen 
at 1000® C. Thus, even though the wire might be rid of all other contamination 
at this temperature, a minimum value of the accommodation coefficient could 
not be obtained owing to the fact that hydrogen itself was apparently absorbed 
by the wire. Thus with hydrogen in the apparatus at a pressure of 381 dynes/ 
cm? the mean filament temperature was set at 1021® C. During a period of 
50 hours at this temperature the accommodation coefficient fell from 0*257 
to a constant value of 0*112 ; the fall during the last 4 hours being from 
0*113 to 0*112. On lowering the temperature of the wire from 1021® to 
813® C, however, the accommodation started to decrease still more. This 
decrease was followed until, after 18 hours, the accommodation had again 
reached a practically constant value. At the end of this period the temperature 
of the wire was raised, for 90 seconds only, to 1021® C and then lowered again 
to 813® C. The accommodation at 813® C was found to have been increased 
so much by this that it required a further 4 hours heating at 813® C to reduce 
the accommodation once more to its pre'^dous minimum value at that tempera- 
ture. The most reasonable conclusion seems to be that platinum at a tempera- 
ture of 1000® C absorbs hydrogen. 
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Fio. 5— Hydrogen 


After cleaning the wire at 813° G readings were obtained at different lower 
temperatures of the wire and, lastly, at 1021° C ; a rise of accommodation 
with time was always observed. The time variation of the accommodation 
coefficient, with the wire at 1021° C, is shown in fig. 5. It was observed that, 
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while the acconimodation coefficient, with the wire at 104*^ C, rose from 0‘11 
to nearly 0*15 in 2 minutes, it required only a few minutes heating at B13^ C 
to reduce the accommodation coefficient to its previous value at 813" C. On 
the other hand, the contamination, after the wire had been heated at 1021" C, 
was much more difficult to remove, requiring some 4 hours heating at 813" C. 
These results indicate that, at lower temperatures, the contamination is due 
to adsorption, wdiile at 1000" C, in hydrogen, the process is one of absorption. 

The values (extrapolated to zero time) obtained at different filament 
temperatures are shown in fig, 6. Wliile it cannot be certain that there is 
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Fia. () — Hydrogen 


no absorption at 813" C it seems reasonable to assume that this effect is small 
and that the results are representative of a clean wire. They may at least 
be said to represent the upper limit for the accommodation coefficient of 
Ijydrogen with a clean platinum surface and, therefore, show that the values 
obtained l>y Rowley and Bonhoefier* are probably about 100% too great. 
This is not surprising in view of the fact that the time for which they heated 
their wire, in order to clean it, seems to be little over an hour, the wire being 
“ glowed ’’ in oxygen for half an hour of that time. 

As, with a polyatomic gas, the internal energy of the molecules bears a 
different ratio to the translational energy at different temperatures, the mole- 
ctilar heat conduction is no longer an exactly linear function of the temperature 
difference. To evaluate the accommodation coefficient for hydrogen, and 
later also for oxygen, it has been necessary to calculate the actual mean 
temperatures of the molecules leaving the wire. For this purpose values of 
the ratio of the specific heats at different temperatures have been obtained 
from the ‘ International Critical Tables ' (vol. 5, p. 82). The values of the 
accommodation coefficient given are thus the ratios of the actual to tlie possible 
fihanges of kinetic energy, as distinct from the changes of total energy of the 
molecules, 

♦ * Z. phya. Ohem.; B., vol. 21, p. U (1933). 
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5 Oxygen — With oxygen at a pieHSure of 673 djnmjcm^ a value of 0*43 
was obtained for the accommodation coefficient with respect to filament B 
at 1000^ C. The wire was then left at this temperature for about 20 hours, 
at the end of wliich period the wire had decreased in mass by about 5%. The 
coefficient at 950"' C was now found to be 0*44. With a fresh specimen of 
oxygen, distilled from oxygen which had been liquefied, at a pressure of 540 
dynes/cni^ a series of readings at different temperatures was obtained. A value 
of 0*45 was obtained at C, and the complete results at that and other 
temperatures are shown plotted in fig. 7. At all temperatures, with the 
exception of 100° C, no increase with time was observed. At 1(K)° 0 the increase 
was from 0*556 at 15 seconds to 0*685 after 6 minutes. 



Mean tcijmperatore of wire C 
Fia. 7 — Oxygon 

With filament C slightly higher results, shown by the upper set of points in 
fig. 7, were obtained. This would correspond to a rougher surface of the wire. 
In this set, too, there was no appreciable increase with time until the tempera- 
ture was lowered to 83° C, the accommodation coefficient at 181° C increasing 
by only two parts in five hundred in 5 minutes, while at higher temperatures 
it was constant. 

The Radiatiofh Heat Loss 

Aschldnass* has shown that the energy radiated from a conductor at a 
temperature K, the surroundings being at a temperature of Tf K, should 
be given by an equation of the form : — 

• ‘ Atm, Physik,’ voJ. 17, p. «60 (1908). 

3 I 2 
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where Si^ are the specific resistances of the conductor at the temperatures 
Tj, Ta^ K. 1 have found that this relation agrees quite well with experiment 
over a very wide range of temperature. Slightly better agreement is obtained 
over a wider range of temperature if the absolute temperature be raised to the 
power of 4 • 6 instead of 4 • 5. In Table III the observed radiation is compared 
with values calculated by means of a relation of the type given using both 
4 * 6 and 4 • 6 as the index. 

For platinum the radiation heat loss may be best expressed in the form ; — 

= k' (Vl + a . Tj” — Vi + a . pt^ Tj"), 

where pt is the temperature on the platinum scale and a is the temperature 
coefficient of resistance. The constant k' seemed to be dependent to a slight 
extent upon the condition of the wire. For the results shown in Table HI 
the values taken for were 2-180 X 10“^® for n = 4*5 and 1*066 X 10”*^® 
for n = 4 • 6. Both these values involve the surface area of the wire, which was 
equal to 0-1544 cm*. 


Table IH 


Mean 

Observed 

Calouiated 

Calculated 

temperature of 
wire ("’ C) 

radiation, 

radiation, in watts ; 

radiation, In watts 

in watts 

n — 4*6 

n ^ 4*6 

100*3 

0*000680 

0*000687 

0*000613 

160*7 

0*00137 

0*00164 

0*00139 

200*2 

0*00266 

0*00289 

0*00263 

400*1 

0*0179 

0*0181 

0*0170 

699*8 

0*0672 

0*0603 

0*0639 

799*6 

0*186 

0*184 

0*181 

999*3 

0*427 

0*427 

0*427 

997*6 

0*429 

0*424 

0*424 

1200*6 

0*868 

0*876 

0*888 


The first seven readings shown in the table were taken with filament B 
immediately before the second set of results for argon, while the last two read- 
ings were obtained 9 days earlier just after the wire had been acted upon by 
oxygen. 

The constant k' is calculated from the observed radiation for a mean tempera- 
ture of the wire equal to 999*3® C. In the radiation calculations the value of 
the absolute zero has been taken as -273-2® C. 

In conclusion, I wish to express my gratitude to Professor Martin Knudsen 
for his help in permitting me to carry out the above research in his laboratory. 
My thanks are also due to the University of London for the award of a travelling 
studentship which made it possible for me to go to Copenhagen. 



Energy Exchange of a Platimm Surface 


791 


Smmary 

Using wires of pure platinum the following results have been obtained for 
the accommodation coefficients of different gases with respect to the clean 
wire 

Helium — 0-03 at room temperature and 0-04 at 80® K for a range of mean 
filament temperatures between 100® and 1000® C. 

Argon — ^At room temperature, 0*56 to 0' 35 for mean filament temperatures 
between 100® and 1000° C. respectively. 

Mercury vapour — ^At room temperature about unity for mean filament 
temperatures of 100° and 200° C. 

Hydrogen — At room temperature between 0-11 and 0-08 for mean filament 
temperatures between 100° and 1000° C. 

Oxygen~ki room temperature, between 0*42 and 0-55 for mean filament 
temperatures between 100° and 1000° C. 

These results refer for every gas, except hydrogen, to the same wire, 
filament B, 

From the results it would seem natural to conclude that the process of 
contamination is one of adsorption. From the effect of oxygen it would 
appear that contamination of the wire is dependent, not so much on the residual 
impurities which may be present in the gas, but more on the actual nature of 
the surface of the wire. Thus the adsorbing properties of the surface in two 
samples of the same specimen of helium were quite markedly changed by a 
process somewhat analogous to etching* 

With hydrogen the accommodation is increased at higher temperatures by 
absorption. 

The removal of the initial contamination takes several hours at wire tempera- 
tures of 1000° C, the last traces being removed very slowly. Once removed the 
wire again becomes contaminated if its temperature be reduced to, say, 100° C* 
This causes the accommodation to increase, at first very rapidly and then 
more slowly. 

The experimentally observed temperature variation of the energy radiated 
from the wire has been compared with theoretical relations. 
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The Freezing Point of Platinum 

By F. H. SoHOFiKLBj B.A., D,Sc., Physics Department, National Physical 
Laboratory, Teddington, Middlesex 

(Communicated by Sir Joseph Petavel, F.R.S. — Received May 9, 1934) 


I — Introduction 

The International Temperature Scale, which has been in force since 1927,* 
is based on certain values assigned to the boiling and freezing points of pure 
substances and on specified means of interpolation between, or extrapolation 
beyond, these points. The highest basic point of the scale is the freezing 
point of gold, defined as 1063 *0° C, while for extrapolation from this tempera- 
ture use is made of the Wien law of radiation, with a certain value of the 
constant C^. Though any temperature above 1063"^ C is thus completely 
defined without reference to further fixed points, determinations of such points 
are of considerable value. In particular, they serve to indicate the degree 
of reproducibility of the scale by the various users of it, and, when well 
authenticated, to provide secondary standards for its realization. Of such 
fixed points the most important has been the freezing point of palladium 
(ISSb'^ C), but the latest developments in furnace technique and refractory 
materials should now enable the freezing point of platinum to be used with 
equal, if not greater, advantage. The qualities of platinum which render it 
especially valuable in this connection are as follows : its freedom from oxida- 
tion ; its high standard of purity, for which a convenient electrical teat is 
available ; its high freezing point (about 1775® C) which approaches the 
important zone of temperature covered by the electric lighting industry, 
These qualities also make the platinum point especially suitable as the basis for 
a standard of light, as has been proposed by a number of experimenters. 

It is with the two objects indicated above that the National Physical Labora- 
tory has undertaken an investigation concerning the freezing point of platinum, 
the precise scope of which may be defined as follows : — 

(1 ) To determine the value of the freezing point in terms of the International 
Temperature Scale. 

♦ ‘ Trav. Mom. Bur. Int, Pds. et Mob.,* vol, 18, p. 94 (1927). 
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(2) To obtain evidence aa to the suitability of the Specification proposed by 
the Bureau of Standards, U.S.A., for a Primary Standard of Light 
based on the free^iing point. 

Both objectives involve measurements of radiation from a black body held 
at the temperature of freezing platinum, but, whereas for the purposes of the 
second, the black body has to be realized under strictly defined conditions, no 
such limitation applies to the first objective. The procedure adopted has been 
to set up a radiator in accordance with the proposed specification and to try 
modifications suggested by the experience gained. The present paper is 
concerned with the furnace arrangements, the setting up and modification of 
the radiators, and the other factors involved in the determination of the 
freezing point. The same apparatus was used, for their observations on the 
propo8(jd standard of light, by the Photometry Division of the Electricity 
Department, who will deal with this subject in a subsequent paper. 


II — Method of Experiment 

According to the International Temperature Scale any temperature t, 
above the freezing point of gold (1063^ C), is determined by means of the ratio 
of the intensity Jg of monochromatic visible radiation of wave-length X cm, 
emitttKl by a black body at the temperature t, to the intensity of radiation 
of the same wave-length emitted by a black body at the gold point, by means 
of the following formula, derived from the Wien equation 


iog.^» = 2j FJ-- 


h 


X L1336 (« + 273) 


]■ 


the constant Cg being taken as 1*432 cm degrees. Though the definition 
refers to monochromatic radiation, the common practice is to use for the 
temperature measurement a pyrometer of the disappearing filament type fitted 
with a red glass transmitting a comparatively wide band of radiation. As is 
well known the ‘‘ effective wave-length of such a glass for any temperature 
interval, i.e., the wave-length to which the above formula is strictly applicable, 
can readily be calculated from the spectral transmission of the glass and the 
visibility curve of the eye. 

Having obtained the effective wave-length, the process of temperature 
measurement consists in determining the ratio Jg/Jx* For, moderate tempera- 
tures this is done by employing a rotating sector disc of such aperture as will 
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out down the radiation from a black body at the higher temperature to match 
in intensity the radiation from a black body at the gold point. 

For the freezing point of platinum, however, this ratio, for a wave-length of 

0-66 fx, is of the order of 300 to 1, so that if a sector disc with two synunetrically 
placed apertures* were used, each aperture would only be 0*6 degrees of angle. 
The cutting of such an aperture with the requisite precision and its measurement 
to an accuracy of at least 1 part in 600, or 4 seconds of arc, would be a matter 
of great difficulty. 

Consequently it is convenient to carry out the reduction in intensity from 
the platinum to the gold point in two stages. This allows of the use of sectors 
of considerable aperture which are easily constructed and measured. It is true 
that the double set of observations would tend to a decrease in precision. 
Against this it may be mentioned that, with a pyrometer of normal con- 
struction, the field intensity most favourable to accurate observation lies 
considerably above the gold point. Hence, by choice of an appropriate 
sector, the observations, which are most limited in time, namely, those on the 
black body at the platinimi point, can be taken at a favourable intensity, 
while unlimited time is available for those at less favourable intensity. On 
the whole, therefore, considerable advantage accrues from the system of two- 
stage reduction of the platinum point. 

The several processes involved in a determination of the freezing point of 
platinum may now be summarized. 

1 — The determination of the spectral transmission of the red glass and calcu- 
lation of its effective wave-length for the two ranges. 

2 — The construction and measurement of two sector discs of such apertures 
that the product of their transmissions gives approximately the ratio of radia- 
tion intensity of black bodies at the gold and platinum points for red light of 
about 0*66 fi. 

3— The setting up of a black-body radiator at the freezing point of platinum 
and the measurement of the current through the pyrometer lamp required to 
match the intensity of the radiator as reduced by the rotation of one of the 
sector discs. 

4 — The adjustment of another radiator to such temperature as will, without 
the interposition of a sector, require approximately the same current as in 3 
to give a match with the pyrometer lamp. 

* It in advantageous to use two apertures sinoe they are self-compensating for errors in 
centring and require a lower speed to eliminate flicker. 
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6 — The measurement of the current through the pyrometer lamp required 
to match the intensity of the radiator, referred to in as reduced by the 
rotation of the second sector disc. 

6 — The setting up of a black body radiator at the freezing point of gold and 
the measurement of the current through the pyrometer lamp required to 
match the intensity of this black body. 

It is not necessary that the operation 4 should give exactly the same current 
as 3 since corrections for small departures can readily be determined ; similarly 
it is not necessary that the combined effect of 4 and 5 should give exactly the 
same current as 6. 

Ill — Apparatus 

h- The Optical Pyrometer — The optical pyrometer used in the investigation 
was of the disappearing filament type of Holborn-Kurlbaum. It calls for no 
detailed description since its main features follow those of the instrument 
developed at the Nela Research Laboratory with improvements based on the 
work of Fairchild and Hoover. Thus use was made of their type of lamp, 
wliich has a cylindrical envelope provided with flat ends designed to allow 
the filament and object to be viewed at high magnification without distortion. 
It may be added that the filament employed had a diameter of 0*06 mm and 
that with diaphragms giving angles of 0*054 and 0*022 radians on the objec- 
tive and eyepiece sides of the lamp respectively, a satisfactory disappearance 
of the filament was obtained. 

The red filter used in the eyepiece of the pyrometer was of the Corning 
Glass, known as ** high transmission red 50%, ” and was 6 mm in thickness. 
Its effective wave-length was calculated in the usual way* from the spectral 
transmissionf of the glass and the visibility curve for the eye, taking for this 
latter the agreed international data.J As is well known, the effective wave- 
length varies with the temperature of the glass itself, so that a correction has 
to be applied to any readings obtained with a sector on account of the variations 
in atmospheric temperature. The magnitude of this correction increases 
with a decrease in the transmission of the sector. It so happened in the present 
investigation that the observations with the sector of smaller transmission 
had to be taken in a laboratory subject to wide changes in temperature and it 

• For a specimen calculation see Fairchild, Hoover, and Peters, * Bur. Stand. J. Res./ 
rol 2, p. 961 (1929). 

t Tina was determined by the Optics Division, National Physical Laboratory. 

J * 0, R. Comm. Int. fiolairage/ p. 67 (1924). 
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was thought well, therefore, to control the temperature of the glass at the 
maximum likely to be reached, about 25° C* For this purpose the screw-on 
cell for attaching the red glass to the pyrometer was provided with a water 
circulation which could be maintained at the required temperature. 

Another point which may be mentioned in connection with the pyrometer 
was the use of a totally reflecting prism. Normally this formed an integral 
part of the instrument, being attached to the end of the objective tube in 
such a way that the prism had "one face always normal to the axis of the tube 
but that it could be rotated about this axis so as to allow the sighting of the 
pyrometer in a vertical, horizontal, or intermediate direction. Except where 
otherwise stated, all observations were taken with the prism attached to the 
pyrometer as indicated. 

2 — Roiaiimj Sector h — As already stated, the reduction in intensity from the 
platinum to the gold point was effected in two stages. The intermediate 
temperature could, of course, range over wide limits and the cionsiderationa 
governing its choice in the present work were as follows. In addition to 
determining the platinum point (about 1773° C) in terms of the gold point it 
is useful to correlate its value with that for the palladium point (about 1555° C). 
A single sector could be used twice over to determine either of these points in a 
two-stage operation and the intermediate temperatures would then be 1340° C 
for platinum and 1270° C for palladium. It is obvious, therefore, that if 
either of these temperatures were chosen for the intermediate point, a total of 
two sectors would enable both the platinum and palladium points to be deter- 
mined by the two-stage method in terms of the gold point and in relation to 
each other. In view of the simplification which could thus be obtained and of 
the fact that the temperatures in question were in a region giving a comfortable 
brightness of field in the pyrometer, it was decided to work at one of the tempera- 
tures and the choice was given to 1270° C. Two sectors were, therefore, 
constructed, one giving a reduction from 1773° C to 1270° C, and the other 
from 1270° C to 1063° C, the latter to be used subsequently for a determination 
of the palladium point. The sectors were cut from aluminium discs 0-5 mm 
thick and 39 cm in diameter, and were in pairs of approximately equal angles 
and situated opposite to each other. The peripheries of the discs were not 
cut through and the risk of damage to the edges was thereby diminished. 
The edges were trued against a radial jig and were covered with a thin layer 
of dull black paint. 

The angular apertures of the sectors were determined by measurement of 
chord and radius as magnified by a simple lever system. For this purpose the 
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disc was clamped to a flat steel strip, 1*5 metres in length, so as to be con- 
centric with a pivot situated near one end of the strip and about which it could 
be rotated in a horizontal plane. A microscope having its axis approximately 
vertical was sighted with its cross wires on one edge of the aperture to be 
measured and the lever was rotated until the second edge came under the cross 
wires. The resulting movement of a mark on the remote end of the lever, 
situated at a known distance from the centre of rotation, was measured by 
means of a travelling microscope. The arrangement gave about an eight-fold 
niagnification. 

With this apparatus no difficulty was experienced in measuring the apertures, 
even of the smaller sector, to 1 part in 1000. As a check on the absence of 
reflection from the painted edges of the sector, the transmission of the sector 
of smaller aperture was compared in the p 3 rrometer with that of a sector, of 
about the same opening, prepared by mounting knife edges on an aluminium 
disc to form the apertures. The calibrations of the two types were found to be 
consistent to witliin the limits of observation. For prolonged series of read- 
ings the comparative absence of noise with a plain disc is a considerable 
advantage and this t)rpe was used throughout the itxvestigation. 

3 — Blaohhody Radiators at Platinum Point — ^As already indicated, the 
investigation has been largely concerned with radiators set up in accordance 
with the specification* reconunended by the Bureau of Standards for the 
realization of a black body at the freezing point of platinum for the purposes 
of a primary standard of light. The general design of the radiator will be 
understood by reference to fig. 1 which shows a section of it mounted in a 
furnace as used in the present investigation. The following are some of the 
main points of the specification : — 

(1) The crucible, etc., to be of material which does not contaminate platinum 
(c.y., thoria) and the thermal insulation to be of the same material 

(2) The dimensions of the several parts to be as follows : internal diameter 
of crucible at top 22 ± 2 mm, and at bottom 17 ± 2 mm ; internal 
height of crucible 46 ± 5 mm ; inside diameter of sight tube 2*6 ± 
0*2 mm ; wall thickness of sight tube 0*26 to 0*5 mm ; opening in 
cover at least 0*8 mm less than internal diameter of sight tube; 
depth of powder in sight tube 10 to 16 mm. 

(3) Platinum to be of such purity as to give on a coefficient of at least 
0*390, 


** Kep. Com. Consult, d'Eleotr., Bur. Int. des Pds. M«s./ p. 178 (1930). 
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(4) Electromagnetic heating to be used, freezing points onlj to be taken and 
power supply to be so controlled as to give a constant intensity for 
3 minutes during the freeze. 



Fio. 1 — Fumaco assembly for platinum melting point with B.8. oruoible 

It is convenient at this stage to point out the slightly divergent objects of 
the two investigations undertaken at the Laboratory in relation to the above- 
mentioned specification. The investigation on the Standard of Light was 
concerned primarily with the reproducibility of the standard defined by the 
detailed specification and only secondarily with the question whether that 
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standard complies with the conditions required of a* black-body radiator. 
On the other hand, the determination of the freezing point depends funda- 
mentally on the realization of a black body, no matter how obtained, and the 
specification has to be considered only from this point of view. 

Unfortunately no simple test is available for compliance with black-body 
conditions. It is therefore necessary, for this purpose, to rely on such indirect 
evidence as the constancy of the results obtained at the freezing point under 
variation in the conditions of experiment, e.^., in the rate of cooling and the 
amount of induced undercool, the constancy of the results obtained at the 
melting point, and the agreement between the freezing and melting points. 
In the present work there appeared to be a small but definite difference between 
the values of the melting and freezing points obtained with the specified 
apparatus shown in fig 1 and it was thought advisable to try some modifications 
of that assembly. Assuming the most likely cause of the difference to be a 
departure from black-body conditions due to a longitudinal gradient of tempera- 
ture in the sight tube, it was considered that such an effect might be produced 
either by the tapering of the ingot resulting in a differential effect in the inductive 
heating, or by the fact that the direction of maximum heat loss was obviously 
upwards. Effects of this description could, of course, be additive or sub- 
tractive, and were probably the latter in the present instance. 





a ! 2 i 4 s 

d J : ":.i J cm 

Fia. 2-r-‘Modified crucible assemblies for platinum melting point 


In the modification shown in fig. 2 (a), the radiating tube and top are similar 
to those in fig. 1, but the crucible is made strictly cylindrical in form, so as to 
eliminate the supposed unequal heating of the ingot. In fig. 2 (b) the ingot 
is shown divided by a horizontal partition of refractory material, with the idea 
of modifying, and perhaps reducing, the upward conduction of heat. 
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Both of these modifications gave satisfactory results, which are summariaed 
later in this paper. 

It is perhaps of interest to mention two other modifications which did not 
prove to be successful. In the first of these, fig. 2 (o), the attempt was made to 
eliminate temperature gradient in the central region of the radiator on which 
the pyrometer was sighted, by a symmetrical arrangement giving equal heat 
loss from the two ends. It is obvious that, other things being the same, the 
ingot would have to be longer with this arrangement than with assymetric 
arrangements such as those in figs. 1 or 2 (a), and further that tlie ingot is most 
conveniently placed with its axis horizontal. The use of the assembly, shown 
in fig. 2 (c), had been suggested as the result of promising experiments on a 
similar arrangement of a gold ingot, heated in a resister furnace, and also those 
on a very small platinum ingot, I inch in diameter and | inch in length, heated 
inductively. This latter ingot was contained in a crucible of alumina and had 
a sight tube of alumina glazed on the outside by partial fusion.* The bore of 
the sight tube was 1 mm and the object sighted on was a tiny fragment of alu- 
mina at its centre. This assembly gave passable melting points, having a 
duration of halt of from 1 to 3 minutes, and values of the same onier as those 
obtained with larger scale apparatus. The freezing points were less satisfactory 
owing to the tendency of the undcrcool to obscure the halt though this defect 
could no doubt have been minimized by taking special measures to eliminate 
the fluctuations in the supply voltage so as to allow a finer regulation of the rate 
of cooling. However, it was obviously desirable to work on a larger scale and 
the assembly shown in fig. 2 (c) was accordingly tried. In the first trial the 
crucible had a cavity at the top, not shown in fig. 2 (c), containing an extra piece 
of platinum which it was hoped would melt and fill the crucible to its full 
capacity. Unfortunately this extra piece did not entirely coalesce with the 
ingot and the irregular shape seems to have resulted in unsatisfactory curves 
being obtained for the six freezes observed. Finally the experiment broke 
down through the gradual bending upwards of the middle of the tube, under 
the hydrostatic pressure, so as to render the sighting unsatisfactory. The 
tube in this case was of thoria 2-6 mm in bore and 0*25 mm in wall thickness. 
The results were considered to be sufficiently promising to justify a second 
trial with a tube of the same bore but 1 mm in wall thickness. However, a 
breakdown again occurred through the bending of the tube and the method 
was accordingly abandoned. 

♦ See description of process by Adcock and Turner in ♦ J. Sci. Instr.,* vol. 7, p, 327 (1080). 
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The other arrangement, fig. 2 ((i),has been successfully used at lower t/«impera- 
tures,* but in the present work it yielded curves of unsatisfactory form on 
the only occasion on which it was tried. The reasons for failure were not 
explored ; probably heavy gradients were induced in the ingot by radiation from 
the conical surface above the bulb. The arrangement is only mentioned here 
because of the possible interest attaching to the refractory nmttjrial used. 
The bulb and tube, fig. 2 (d), were made in one unit of pure alumina by means 
of a process described by Mr. Turner in the note on refractory materials 
appended to this paper. When heated to about 1950° C in the molten metal 
the material of the radiator re-crystallized into the translucent form wliich 
has great mechanical strength. It was noteworthy that, at the conclusion 
of the experiments, the radiator was withdrawn from the molten metal and 
<‘xpo8ed immediately to the atmosphere without fracture occurring. 

The following comments may be added with regard to the refractories used 
for melting platinum. Except where otherwise mentioned, these were of 
pure thoria. The crucible assemblies of the form of fig. 1 were made at the 
Bureau of Standards from thoria fused by a special process as described by 
Swanger and Caldwell,! and the other assemblies in the Metallurgy Depart- 
ment of the Laboratory from slirunk thoria as described in Appendix I. The 
behaviour of the two typen did not seem to be very different and examples 
could be quoted of prolonged usage with each. Thus one of the shrunk thoria 
type, fig. 2 (a), was intact when it came to be broken up after some 50 molts 
while one of the fused thoria type, fig. 1, actually survived 300 melts. No 
cracks were observed in the former type of crucible, which was thick-walled, 
but they seemed prone to develop in the thinner- walled type of fig, 1. The 
most common cause of failure in both kinds of assembly arose from the particular 
manner of anchoring the sight tube by fitting it into recesses in the lid and the 
base of the crucible as recommended in the proposed specification for the 
Standard of Light. Any imj>erfection of fit, or differential shrinkage of the 
crucible and the tube, was liable to cause the latter to shift in position if not 
to come adrift. The main cause of failure with both types being as stated, it 
might be preferable to adopt a closed-end sight tube rigidly attached to the 
lid. 

4 — Black-body Radiators al Gold Point — With gold, as with platinum, the 

ingot method provides the best means for realizing a black body at the freezing 

♦ Hofimann and Meia«net, ‘Ann. Physik,* vol. 60, p. 201 (1919), also Schofield, ‘ Proc. 
Roy. Soc.,’ A, voL 125, p. 517 (1929). 

t * Bur. Stand. J, Ree.,‘ vol. 6, p. 1131 (1931). 



802 


F, H. Schofield 


point. A much wider range of experimental conditions is, however, practicable 
at the gold point. This feature is of value in that it provides a possible means 
for detecting systematic error inherent in the platinum determinations, since 
those at the gold point can be made both with and without the restrictions 
applying at the higher temperature. Accordingly, a series of measurements 
was carried out, for the purposes of the present investigation, with a gold ingot 
assembled as shown in fig. 2 (a) and heated by means of the longer coil employed 
for most of the experiments on platinum (see 6, p. 803). In addition a large 
number of experiments have been made with ingots heated in ordinary resister 
types of furnace. The use of such a furnace has the advantage over inductive 
heating as a finer control is possible at the change point 
since the alteration of electrical resistance on melting of 
most metals, including platinum and gold, does not, as in 
the inductive system, tend to accelerate the process of 
melting or freezing. Further, the provision of special 
means for attaining temperature uniformity can more 
readily be made in the resister type of furnace. 

As already mentioned a gold ingot assembled as in 
fig. 2 (c) was used in a resister furnace and this gave 
satisfactory melting and freezing curves so long as there 
was an absence of longitudinal temperature gradient at 
the centre of the ingot. To prove the absence of gradient 
involves, however, the somewhat laborious process of 
taking simultaneous observations with two pyrometers 
sighted into opposite ends of the radiator and fortunately 
an alternative method of securing the desired uniformity 
came to light as a result of a parallel investigation* into 
the melting point of gold by means of platinum thermocouples. It was 
then shown that a high degree of temperature uniformity could be secured 
by the expedient of interposing a bath of silver between the ingot of gold and 
the furnace tube and this arrangement was accordingly adopted for the pur- 
poses of the present investigation in the manner indicated in fig. 3. The radiator 
shown consists of a fireclay tube which is cemented into a block of “ mabor ” 
material resting on the surface of the gold ingot. The ingot is contained 
within a '' pythagoras tube which is immersed in a bath of silver, the whole 
being inserted into a tubular furnace (not shown in the figure) which was wound 
with platinum ribbon. 

• An account of this investigation will b© published in due oourse. 



0 i 2 
\r , — cm 

Fxo. 3 — Cruoiblo assem- 
bly for gold melting 
point in resister type 
furnace 
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5 — Radiator at IrUenmdiate Temperature (1270® C) — Any hot object having 
the required brightness temperature, in this case about 1270® C, could apparently 
be used for the purposes of the operations 4 and 6 described in Section II above, 
irrespective of its spectral distribution of energy. It was found convenient to 
employ a radiator similar to that at the gold point (see fig. 3) but without the 
supplementary silver bath. This assembly was inserted into a resister furnace 
and maintained at a steady temperature, as indicated by a thermocouple 
fixed beside the crucible, over the period required for the taking of the observa- 
tions with and without the sector. 

6 — High Frequency Induction Furnace-— In heating all the ingots the high 
frequency induction furnace designed by Bell* was employed, some modifica- 
tionsf being made to meet the particular requirements of the investigation. 
Thus for the anode coil baX it was found advantageous to use an air-cooled 
coil consisting of 50 turns of cotton-covered copper wire of 18 gauge spaced at 
16 turns to the inch and provided with tappings at each fifth turn. The coil 
was covered with bakelite paint and was air-cooled by fans. For the main 
heating coil, fc, two arrangements were used each consisting of J inch square 
section copper pipe with water cooling, one coil having 14 turns in a length of 

inches and the other 20 turns in a length of 6f inches. The power condensera 
used were of 0*003 and 0*005 microfarads respectively. 

W— Measurements 

In this section the observations at the gold point, the intermediate point 
(1270® C) and the platinum point are dealt with in order of rising temperature. 
A single pyrometer lamp of known constancy was used throughout the investi- 
gation, and occasional comparisons with other lamps showed no appreciable 
change in its calibration. All the measurements were made by two observers 
whose readings were in close agreement, and the values given below represent 
the mean of their observations. 

At Gold Point — As already exi)lained, two types of assembly were used for 
the determination of the freezing point of gold, namely, that shown in fig. 2 (o), 
which was heated inductively, and that shown in fig. 3, which was heated in a 
register furnace. Examples of freezing and melting point curves, obtained 
with the two types of apparatus, are plotted in fig. 4. The ordinates are. 

* See ‘ Proc. Phys. Soc.,’ vol. 40, p. 193 (1928). 

t Soggosted and carried out by A, Grace. 

X The lettering in fig. 1 agrees with that of figs. 3 and 4 of BelFs paper. 

3 K 
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pyrometer readings expressed in terms of temperature as derived from the 
mean reading of all the freezing points taken as 1063-0'’ C. Differences in 
reading can readily be estimated from the fact that individual observations are 
represented as circles of radius O-b'* C. It will be noted that in inductive 
heating the melting point curve shows a comparatively short halt. This was 
characteristic of the series and apparently arises from the considerable increase 



Time in Minutes* 

Fio. 4 — Examples of curves for melting and freezing points of gold. Mefiii of all freezing 
{joints taken as 1063^ C, 

of electrical resistance of gold on melting. The results of all the experiments 
arc summarized in Table L 

It will be seen that the mean values of freezing point given by the two methods 
are indistinguishable, while the mean values of the melting point in the two 
methods are respectively higher and lower by 0*2“ C than the mean freezing 
points. These differences though small appear to be quite definite. 

Table I — Calibration of Pyrometer at Gold Point — Pyrometer readings ex- 
pressed in temperature relative to the mean of the readings for all the 
freezing points taken as 1063*0° C. 


Melting point# Freezing point# 


A««enibly 



No, 

Average 
deviation 
■ of, from 
mean 



Moan 

1 

Probable 

error 

of 

mean 

No. 

Average 
deviation 
of, from 
mean 

^ 

Mean 

. iirn ^ 

Probable 

error 

of 

mean 

Fig. 2 (a) 
Fig. 8 

26 

34 

"C 

0*4 

0*2 

Mean 

‘‘C 

1062*8 

1063*2 

1063*0 

,^0*08 
±0 03 

27 

25 

0*2 

0*2 

Mean 

1063 Oj 
1062 -O* 

1063*0 

"C 

±0*04 

±0*04 
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It may be added that the mean value taken for the freezing point is based 
on some 400 individual observations. 

At Intenmdiaie PoirU (1270° C) — Over 360 individual observations were 
taken for the purpose of linking the intermediate temperature with the gold 
point. They do not call for any special comment. 

At PlcMnum Point — Before dealing with the measurements on which the 
actual determination of the freezing point depends it may be of interest to 
refer to certain preliminary experiments. 

At the commenoeraont of the investigation it was thought that, since both 
the work on the freezing point and the standard of light involved the use of 
right-angled prisms to reflect the radiation from the black body in a horizontal 
direction, it would be convenient to adopt a common form of mounting for the 
prism. This mounting is shown in fig. 1. It will be seen that the prism rests 
on two bars of glass which span the end of the furnace tube. A slow stream 
of air was blown through the gap between the glass bars in order to cool the 
prism. This arrangement was, however, found to be unsatisfactory for two 
reasons. In the first place there was the possibility of error owing to the axis 
of the pyrometer not being normal to the face of the prism, which might result 
in an appreciable loss of light. An optical test was devised to check the correct- 
ness of adjustment in this respect, but was found to be somewhat troublesome 
to apply in conjunction with other necessary adjustments of the pyrometer 
A second and more serious source of error came to light during the course of 
the investigation, namely, the deposit of a slight film on the face of the prism 
nearest the furnace. The material of this film was not identified, but it seems 
not improbable that it consisted of platinum.* When the film was present its 
absorption no doubt caused a lowering in the apparent value of the freezing 
point which in one extreme case amounted to 6° C. On discovering the 
presence of film the attempt was first made to prevent it, by greatly increasing 
the strength of the draught on the exposed face of the prism, but this was 
found to lead to error owing to the cooling of the radiator. Subsequently 
resort was had to cleaning the prism before commencing observations on each 
melt and freeze, but finally the apparatus was re-arranged so as to allow the 
prism to be fixed to the pyrometer tube as previously described. In this 


• luoidentally it may be mentioned in support of this view that after being maintained 
for some hours near the melting piint, the inner surface of the cone (see figs. 1 or 2 ) was 
found to have a deposit of platinum which apparently could have reached this position 
only by vapourization. 


3x2 
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position it was situated at 14 inches from the top of the furnace and no 
further difficulty with the formation of a film was experienced. 

Another point dealt with in the preliminary work was in relation to the two 
induction coils described in Section III 6 above. The first experiments were 
made with the short coil, and gave freezing points which were higher by 1° C 
or 2° C than the melting points. It was considered that possibly this difference 
might be due to lack of uniform heating caused by variations in the strength of 
the inductive field covering the ingot. Observations were accordingly taken 
with the ingot in various positions inside the longer coil. It was found that 
the values of the freezing and melting points remained sensibly constant for 
movements of the ingot of about 1*5 cm from the central position. Though 
the experiments indicated that the shorter coil was probably adequate in 
length, the longer coil was, in fact, used for most of the experiments. 

Turning now to the definitive observations, we give in fig. 5 the whole of 
the readings taken in a single series of experiments, in order that an idea may 
be formed of their general characteristics. This set has been chosen for 
illustration because it represents the greatest variation of conditions in a 
consecutive batch of experiments. Thus it will be seen that there was a 
variation of the order of two to one in the duration of melt or freeze and that 
in the latter the magnitude of the undercool ranges from zero to 70° C. Atten- 
tion may also be drawn to the following points : the “ spread of the observa- 
tions, from their mean values, averages less than ± 1 ° C ; the values of melt- 
ing or freezing point seem to be independent of the duration of the halt and 
the value of the freezing point also independent of the amount of undercool ; 
the curves for the melts were superior to those of the freezes in sharpness of 
breakaway at the end of the halt. 

Observations of melting and freezing points were taken on five separate 
ingots. The data used for calculating the absolute values are given in Appendix 
II and the results obtained are summarized in Table II. It will be observed 
that the table is divided into two parts according as the ingot is cylindrical 
(see fig. 2) or tapered (see fig. 1), the object of adopting this division being to 
throw light on the possibility of systematic difference between the two types. 
In the result no such difference was found and each form gave satisfactory 
curves. 

The data in Table II may be supplemented by the following information : 

Cylifdrical Ingot C.l — The curves for melt and freeze were of about equal 
quality, the latter being somewhat better than those in fig. 6. No undercools 
of any magnitude were recorded. 
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With regard to the comparatively large drop in the value of R^qq/R^ which 
occurred with this ingot, it may be mentioned that the process of purifying 
the shrunk and ground thoria, used for making crucibles, was improved after 
the experiments with this ingot (see Appendix I). 



Time in Minutes 

Pig. 5 — Examples of curves for melting and freezing point of platinum with C,2 ingot* 

Cylindrical Ingot 0.2—1^1686 curves are dealt with in fig. 6 and have already 
been commented upon. A high value of Rioo/^-o ^ main- 

tained. 

Cylimdfical Ingot 0.3— The curves for melt and freeze were the best obtained 
in the whole series of experiments. More than half the freezes gave curves of 
the same quality as those obtained with gold, fig. 4, and only slight underoools 
were observed. 
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Tbe ingot was prepared by mixing portions of -ingots which had already 
been much used and consequently the initial value of HiqJ'Rq was lower than 
usual The fall after use was, however, small. 

Tapered Ingot B.SA — The assembly was still in working condition when it 
came to be broken up after the ingot had been melted some 300 times for 
several distinct purposes, le., experiments on the standard of light, the colour 
temperature scale, and the freezing point determination. In its final form 
the ingot was somewhat irregular in shape owing to the extrusion of metal 
through fissures in the crucible. A considerable number of the earlier freezing 
points observations, prior to the 75th melt, had to be rejected for various reasons, 
mainly because of the suspected presence of film on the prism as already 
described. Though the absolute values could not be taken into account, it 
should be recorded that the freezing points were higher on the average than the 
melting points by between 1 and 2^ C. 

A similar difference is seen in the short series of observations, after the 75th 
melt, entered in the table. In the later series, after the iiOOth melt, the 
difference had increased to about 4° C, though the curves for the melts and the 
freezes, without undercools, were of fairly good form. However, included in 
the 26 freezes were a number in which heavy undercools had been deliberately 
induced with the result that a series of freezing point curves were obtained of 
about the same average quality as those shown in fig. 5, Nos. 3 and 4. Examples 
of three such curves, with undercools varying from 25^^ to 40® C, are given in 
fig. 6. 

In Table III the 25 freezes are divided into two groups according to the 
amount of undercool. 

Table III — Analysis according to the amount of undercool of the 26 freezing 
points with B.8.1 ingot, taken after 200 previous melts 


No. of 

detemunations 

Amount, < 

ITndercool 

C Average, ® 0 

Mean 

freoKing point, ‘‘ C 

13 

0 to 5 

2 

1775 0 

12 

25 to 55 

3B 

1773-5 

25 (total) 



1774*3 


Taking from Table II the most probable value of the freezing point as 
1773*3® C, we see that the first value in Table III, with a very small average 
undercool, is higher than this by 1 *7® C, while the value of the melting point, 
given in Table II, is lower than 1773*3® C by 2*9® C. Presumably, therefore, 
some factor was operative in opposite directions during melt and freeze. For 
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example, we might surmise that material extruded from the ingot, as already 
mentioned, would affect the temperature distribution both as a source of heat, 
by electrical induction, and a sink of heat, by thennal conduction, and that one 
effect might predominate during melting and the other during freezing, so as 
actually to cause a reversal of the longitudinal gradient in the two conditions, 
and give rise to the differences noted. 

With regard to the other group in Table III, the undercools were induced by 
.raising the temperature of the^ingot considerably above the melting point. 



Tune in Minutes 

Fig. 6 — Exampfee of freezing point curves with B.S.l. ingot after 200 melts. 

The tendency of undercool was thereby increased, but it could often be ter* 
minated at will by tapping the apparatus. The sudden evolution of heat, 
which occurs on freezing after an undercool, might be expected to override 
the prevailing temperature gradients and give, for an appreciable time, a flat 
on the curve corresponding with the true freezing point. Although after 
any undercool the reading cannot apparently rise above the true freezing 
point, there is a certain danger that if the liquid is cooled too far the 
freezing point may never be reached in the subsequent rebound. When, 
however, curves are of the form shown in fig. 6, and with a reasonable length 
of halt, there seems to be very little possibility of a depression in value. In 
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all the experimeats on platinum no evidence of such depression was found 
with underoools ranging up to 70"" C, and even with an undercool of 160'’ C 
the difference in the single instance observed was only 2° C which is hardly 
outside the range of error of a single determination. 

In the circumstances it would seem that the second value in Table III is 
entitled to considerably greater weight than the first. 

Tapered Ingot B,S.2 — The melts and freezes gave curves of about average 
quality, those for the freezes being without appreciable undercools. 

Mean Values in Table II — In view of the small range of the values given in 
Table II the precise method of arriving at the means for each group is not of 
great importance. For the C ingots the values have been weighted according 
to the number of determinations, while for the B.S, ingots the arithmetic 
mean has been taken, since, for the reasons already indicated, the second value 
in the table, though representing many determinations, is not considered to 
be of greater weight than the other two. Alternatively if the second freezing 
point value is replaced by the more reliable second value of Table III, and the 
mean taken according to the number of determinations, practically no 
alteration would result. 


V — Disemdon of Results 

The object of the investigation dealt with in this paper is to determine the 
temperature of equilibrium of the solid and liquid phases of platinum at 
normal atmospheric pressure, which temperature has been referred to through- 
out, for the .sake of brevity, as the freezing point of platinum.” Such an 
equilibrium temperature should be given by observation either of the freezing 
or the melting point at any atmospheric pressure, the extreme variation of this 
pressure being of quite negligible effect in metals. Where, however, as not 
infrequently happens, the values obtained from the freezing and melting points 
differ it is generally recognized that the former gives the more reliable indica- 
tion. Thus in the specification for the International Temperature Scale it is 
laid down that, for the purpose of realizing the Scale at the gold and silver 
points by means of platinum thermocouples, the equilibrium temperature is 
that given by the freezing point subject to a test for freedom from the influence 
of external conditions. The test can be either a raising or lowering of the 
couple in the ingot by 1 cm without altering the reading by more than 0* C, 
or alternatively an agreement between the melting and freezing points to 
0»2® C. Unfortunately an exploratory test is hardly feasible under the 
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conditions applying in the present investigation, while a persistent difference of 
at least V C has been noted between the freezing and melting points (see 
Table II )» It is therefore necessary to adduce other reasons for the acceptance 
of the value found for the former point. In the first place a number of argu- 
ments can be advanced in support of the greater reliabiUty of the freezing 
point in the particular circumstances of the work. For example : — 

(1) Electrical induction is known to have a stirring action on the liquid 
which would tend to promote temperature uniformity at the onset of solidi- 
fication. 

(2) Heating by high frequency induction being a skin effect, departures 
from the true cylindrical form of ingot, arising, for example, from the original 
shape of the crucible, or extrusion of metal through its walls, would be more 
likely to produce non-uniformity of temperature in the metal when melting. 
This seems a reasonable deduction from the fact that the energy dissipated in 
the skin of the ingot is relatively large during melting, being required for 
raising the temperature of the surroundings in addition to that of the ingot, 
whereas during freezing only a small amount of energy is needed to retard the 
natural process of cooling. 

(3) Apart from the more permanent effects indicated in (2) casual irregularity 
of shape may arise from the contraction of the ingot on each solidification. 
For example, an ingot frequently solidifies with a smooth continuous skin on 
its top surface and a cavity may then be formed either in the body of the metal 
or against the side wall of the crucible. In either state non-uniformity of 
temperature is likely to be caused on melting. 

(4) The conditions at the freezing point permit of greater variation as use 
may be made of the phenomenon of undercooling. Examples have been given 
above of the satisfactory results which can be obtained by inducing under- 
cooling. It is not, of course, advocated that the undercool should be habitually 
employed, but, when used with due caution, it seems to afford a valuable means 
of check. 

For the general reasons given above, the freezing point is to be preferred to 
the melting point as a means of obtaining the equilibrium temperature. In 
favour of acceptance of the particular value found for the freezing point of 
platinum in the present investigation the following special reasons may be 
urged : the mean values yielded by the experiments on five separate ingots, 
with considerable variation of assembly, have only ranged through C, 
or C if the higher value in Table III is rejected ; no appreciable change 
in the value of the freezing point has been found with a two-fold variation in 
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the length of freeze, or by undercooling ranging from 0° to TO'’ C : the prob- 
ability of freedom from systematic error is increased by the fact that a similar 
apparatus used for gold gave values for the freezing point agreeing perfectly 
with those obtained with a different assembly and with a different type of 
heating. 

So far nothing has been said concerning the effect of the uncertainties 
arising in various processes involved in obtaining the absolute value of the 
freezing point. An estimate of the limits of the most obvious of these sources 
of error is given in Table IV. 


Table IV — ^Estimate of Errors 

KfEect at 

Hource of error platinum point 

Photometric matching at gold, intermediate, and platinum iwintu ^0*6 

Transmisnion of sectors ±0 -4 

Effective wave-length ±0*4 

Maximum erR>r (if all of one sign) ±1*4 


For the transmission of the sectors an uncertainty of 1 part in 1000 has been 
allowed on each and treated as additive. The allowance for effective wave- 
length is intended to represent the probable error in the transmission curve for 
the glass. It has been assumed that the visibility curves for two observers 
are identical with that adopted for the average eye by the international agree- 
ment already referred to. It is hardly practicable to determine the visibility 
data for each individual engaged in work of this type, but the occurrence of 
any abnonnality in the present work is rendered unlikely by the facts that the 
Y/B ratios* of the two observers were found to be 1 -00 and 1 -02 respectively, 
and that no discrepancies appeared in their readings when working with or 
without sectors. 

No allowance has been made for possible depression of the freezing points 
owing to impurities in the metals. The specimens of gold used were of the 
highest purity prepared by Messrs. Johnson Matthey & Co., while the resistance 
coefficient of the platinum does not, in the worst specimen, point to impurities 
totalling more than a few parts in 100, 000, f the precise effect of which is very 
difficult to assess. 

* See Crittenden and Riohtmeyer, ‘ Bull. Bur. Stand.,* vol. 14, p. 87 (1918). The ratios 
given here were determined by the Photometry Division, National Physical Laboratory. 

t Of, analyses in paper by Wensel, Roeser, Barbrew, and Caldwell, * Bur. Stand. J, 
Res.,* vol. 6, p. 1108 (1981). 



814 


F. H. Schofield 


On the whole it would seem that the value found for the freezing point 
may be taken as 1773 » 3 ° C with an uncertainty of the order of ± V C. It is 
of interest to compare this figure with former values obtained by optical 
pyrometer methods. For this purpose we reproduce a table of values, 
Table V, taken from a paper by Roeser, Caldwell, and Wensel,* and have 
added our own value thereto. 


Table V — Determinations 0 ^ the Melting Point of Platinum with Optical 
Pyrometer by the Ratio of Brightness Method 


Obaervers Date 


Nomst and Von Wartenburg 1900 

Holbom and Valentiner 1907 

Waidner and Burgotiii 1907 

Hoffmann 1924 

Kibaud and Mohr 1931 

Hoesor, Caldwell, and Wont el 1931 

Author 1934 


Scale used 


Value on 



Value 

International 

c. 

Au point 

reported 

Temperature 

Scale 




**C 

1-46 

1064 

1745 

1763 

J-42 

1004 

1789 

1777 

1‘45 

1064 

1763 

1764 

1-430 

1063 

1771 

1769-6 

1-432 

1063 

im 

1762 

1-432 

1083 

1773*6 

1773- 6* 

1-432 

1063 

1773-a 

1773-,* 


* Freezing point determinationa. 


The determination of Roeser, Caldwell, and Wensel at the Bureau of Stand- 
ards in 1931 was the first made by the ingot or crucible method, which is no 
doubt greatly superior to those previously employed. It is satisfactory to 
note that, following this method with variations as described above, the present 
investigation has yielded a value indistinguishable from that found at the 
Bureau of Standards. 
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♦ * Bur. Stand. J. Res..’ vol. 6, p. 1121 (1931). 
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Summary 

The freezing point of platinum on the International Temperature Scale has 
been determined by measuring the ratio of brightness, for a certain wave- 
length, of black-body radiators held at the freezing points of platinum and 
gold, the latter being the basic point of the scale for all high temperatures. 
The radiators consisted of hollow enclosures of refractory materials immersed 
in ingots of the metals which were heated by electro-magnetic induction and 
also for gold, in an ordinary resister type of furnace. Observations on five 
ingots of platinum and two of gold yielded a mean value of 1773-3° C ± 1^ C 
for the freezing point of platinum. This value is indistinguishable from the 
only previous one obtained by the same method. 


Appbnoix I 

Note on the Refractory Articles made for the Investigation into the Freezing Point 

of Platinum 

By I). Tuknek, B.Sc. (Tech.) 

Most of the articles to which reference is made are illustrated in fig. 2 of 
the paper. They were all made of pure thoria except for the unit, consisting 
of lid tube and bulb, shown in fig. 2 (d), which was made of alumina. An 
account of the methods developed at the Laboratory for the preparation of 
special refractories, including the two mentioned, has been published by the 
author of this note elsewhere.* The following additional information noay be 
given with regard to the special articles referred to in the paper. 

The thoria used was of the highest quality obtainable and contained only 
small traces of impurity. Its treatment consisted in a preliminary calcination 
to a temperature of about 1660° C with the object of reducing the subsequent 
shrinkage during the firing and use of the article, after which the calcined 
powder was crushed in a steel end runner mill, for a period determined by its 
hardness and temperature of firing, so as to obtain a suitable grain size and 
particle distribution. Accurate grading of the powder was not necessary, 
but the whole of the material would pass a 120 I.M.M. sieve and a considerable 
percentage of the powder would pass a 200 mesh sieve. The powdered refrao- 

♦ * Traxui. Faraday Soc.,’ vol 27, p. 112 (1931) ; ‘Trans. Ceramic Soo.,* vol, 33, p. 33 
(1934) ; (with F. Adcock) * J. Soi* Instr./ vol. 7, p. 327 (1930). 
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tory was then treated with hydrochloric acid to remove the iron introduced 
during the grinding process, after which filtration and thorough washing of the 
material was essential for maintaining its purity. In the first crucible made 
(referred to as C.l in the paper) slight contamination of the platinum charge 
occurred which was presumably due to inadequate washing, but subsequently 
no trouble of this kind was experienced. 

Both slip casting and moulding processes for making thoria crucibles have 
been developed at the Laboratory, but in the present work the latter method 
was employed since only thick walled crucibles were required. The prepared 
thoria powder was mixed with a quantity of water sufficient to provide cohesion 
and was then fed in small quantities into a metal mould, each filling being 
tamped down hard by hand, using a small wooden rod. The moulded crucible, 
which was sufficiently strong to be removed from the mould and to withstand 
careful handling, was finally fired at 1650° C, It is understood that these 
crucibles showed no sign of failure from cracking in spite of the further shrink- 
age which occurred in their use at temperatures as high as 1900° C. 

A similar moulding process was used for making the lids and the large 
diameter tubes shown in fig. 2 (6). 

The small bore thoria tubing was prepared by extrusion through the usual 
tj^e of die, the necessary plasticity being obtained by the addition of cellulose 
acetate solution to the calcined and powdered material. The volatile con- 
stituents of the solution evaporated rapidly as the material left the die and the 
resulting tube hardened almost immediately. In this condition the tubes were 
strong and possessed considerable flexibility. They could be closed, cut, 
joined, or otherwise manipulated with ease, and could be fired immediately. 

All the thoria articles, referred to above, if suitably prepared, were strong, 
hard, and dense after firing at 1650° C. 

In articles made from alumina, which was obtained as a very pure calcined 
powder, no preliminary heat-treatment was required, but similar grinding and 
acid treatment of the material was carried out, the powdered material being 
prepared as an aqueous casting slip.** The tube and bulb of fig. 2 (d) was 
slip cast in one piece in a two-part corelese plaster-of-Poris mould. This 
portion was then fired after which the lid itself was cast arotmd the fired tube 
and the whole assembly subsequently refired to 1600° C. 

The small bore alumina tubing mentioned in the paper was prepared by 
extrusion and was glazed by surface fusion as described elsewhere.*^ 


• Turner and Adeook. ’ J. Soi. Instr./ vol 7. p. 827 (1980). 
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Appendix II 

Data for Calculation of Freezing Point of Platinum m IrUemational 
Temperature Scale 

Sectors — These had transmissions of 0*03136 and 0*11143 respectively. 

Effective Wave-length of Red Glass — ^This was as follows for the two intervals : 

For temperature 25*^ C, and interval 1270““ 1773° C, 0*6586 (x.’*' 

For temperature 15° C, and interval 1063°-“1270° C, 0*6688 [x. 

Pyrmneter Observations — Mean current to match raxiiator at gold point was 
0*19804 amp and dijdt = 0*00026 amp/° C. 

Mean current to match radiator at platinum point as reduced by the two 
sectors (see operations 3-5 on p. 794) was 0*19784 amp. This latter current 
is seen to be equivalent to a temperature of 1062*2° C and by application of 
the formula in Section II above for the two sectors in succession, a temperature 
of 1773*3° C is obtained for the mean freezing point. The values of individual 
freezing points were obtained by difference from the mean value. 

* This was obtained from the calculated value 0*6574 for 15" C by adding 0 *00011 fx 
per C. The value of the temperature coefficient of this type of glass was determined 
by Mr. Buckley ; see also Fairchild, Hoover, and Peters, ‘ Bur. Stand. J. Res./ vol. 2, 
p. 961 (1928), and Forsythe, ‘ Trans. Faraday Soc./ vol. 16, p. 21 (1920), for temperature 
coeflRicients of similar glasses. 
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Intensity Measurements in a Fine Structure Multiple of AsII 

By S, Tolaksky, Ph*D., 1851 Exhibition Senior Studentt and J. F. Heakd, 
Ph.D., 186] Exhibition Scholar, Imperial College of Science, London 

(Communicated by A. Fowler, F,R.8^ — Received May 16, 1934) 

[Plate 12] 


Introduction 

The present work was undertaken with the object of testing the fine structure 
intensity formute deduced by Hill*** Up to the present very few intensity 
measurements have been made on the fine structures arising from nuclear spin. 
The principal difficulty in such measurements arises from the smallness of the 
structures which are usually incompletely resolved by the interferometers 
employed. The use of the interferometer in any event necessitates careful 
corrections for the instrumental intensity distribution. 

Schtiler and Keystonf have made photometric determinations of the intensity 
ratios in the fine structures of two Cdl lines and have verified the intensity 
rules for these lines. An inherent difficulty in the examination with a Fabry- 
Perot interferometer of Cdl structures lies in the presence of an intense even 
isotope line within the pattern due to the nuclear spin of the odd isotopes. 
The even isotope component contributes 77% of the intensity of the line and 
the remaining 23% is distributed amongst the members of the nuclear spin 
multiplet. The authors do not describe their method of coping with this 
difficulty which, judging from the experience of the present writers, must 
have been serious. 

D. A. JacksonJ has made a number of intensity measurements upon fine 
structures of resonance lines with the object of determining nuclear spins, 
assuming the validity of the intensity rules. The examination of resonance 
lines introduces difficult corrections associated with self-absorption, and in 
most of Jackson’s experiments the high values of the nuclear spins introduce 
some uncertainty into the interpretation of his results. 

It appeared desirable to carry out intensity measurements in a fine structure 
multiplet where the above difficulties would not bo encountered and so test 

♦ ‘ Proc. Nat. Acad. Sci. Wash.,’ vol. 16, p. 68 (1980). 

t * Z. Phyaik,’ vol. 67, p. 483 (1981). 

t ‘ Proc. Roy. Soo.,’ A, vol. 189, p. 674 (1983) ; ‘ Nature,* vol. 127, p. 924 (1981). 



A Fine Structure MuMpUt of AsII 819 

the formulee more rigorously. The ideal circumstances would be the follow- 
ing: 

{a) that the atom possess one isotope only ; 

(6) that the nuclear spin be known with certainty ; 

(c) that the nuclear spin and J-values be small in order to have intensity 
ratios which could be measured with accuracy ; 

(d) that the line patterns be completely resolved by the interferometer ; 

(e) that the source preclude effects due to self-absorption, high pressure, 
high temperature, etc. 

The present observations are concerned with X5231 (5 ^' ®Pq) of 
AsII which satisfies these requirements : 

(a) Arsenic has only one isotope, namely, 75.* 

(5) The nuclear spin has been determined by an extended fine structure 
analysis of AsII by Tolanskyf and confirmed by Crawford and Crooker,^ in 
AsIV. 

(c) The spin is 3/2 and the structure arises from the 5,s ^Pj term so that the 
line pattern is a triplet with theoretical intensity ratios 1:2:3; values 
eminently suited* for measurement by photographic photometry. 

(d) With a 1 1 mm silvered Fabry-Perot interferometer the components are 
well spaced and, the lines being in the green region, the instrumental back- 
ground intensity is small. 

(e) The source of light, namely, a water-cooled hollow cathode operated in 
helium, can be made free from self-absorption, temperature, pressure, etc., 
effects. X 5231 is, moreover, reasonably intense and is well separated from its 
neighbours. No other line in AsII is so well suited for the experiments. 

The manner in which the fine structure of X 5231 arises is shown in fig. L 

Experkmnlal 

The AsII spectrum was excited in a water-cooled hollow cathode of iron 
containing a little arsenic at the bottom. It has been shown elsewhere§ that 
previous failure to excite the arsenic spectrum in the hollow cathode was 
probably due to the presence of oxide. The cathode was 4 cm long and the 

* Aston, “ Mass Spectra and Isotopes ” (1933). 

t ‘ Proc. Roy, Soc./ A, voL 137, p. 541 (1932) ; ‘ Z. Physik,’ vol. 87, p. 210 (1933). 

t * Katum/ voL 131, p. 655 (1933). 

§ Tolansky, ‘ Proc. Roy, Soc.,‘ A, vol. 146, p. 182 (1934). 
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bore meaeured 1 cm. Helium was circulated oontinuouely through the dis* 
charge tube at a pressure of about 1 mm of mercury. A 1000-volt D.C. 
generator was used to operate the discharge. The pressure and voltage con- 
ditions necessary for stable operation were found to be critical 
The fine structure patterns were produced by means of a silvered Fabry- 
Perot interferometer with quartz plates of 6 cm aperture used at a separation 
of 11 '0 mm. The silverings were obtained by sputtering in argon. To 
separate the coarse structure ill the spectrum the interferometer was crossed 


F 

f- 


5p ^fo 


l98cni'Klo'* 

i 

, I22cm''xid'* 


5s *P, 


Eia. 1 — ^Tenn analysis of fine struotuie of X 6281. 

with a large aperture two-prism glass spectrograph having a dispersion of SO A 
per mm in the region X.6200. The interferometer was tilted so that only 
one side of the ring system fell on the photographic plate, and about twelve 
orders were photographed in a space of about 12 mm, when the size of the 
image on the slit was about 8 mm. 

The intensity calibration of the plates was effected by means of tlie stepped 
slit method. A series of eight short slits ranging in width from 0 ■ 2 to 1 • 4 mm 
were placed immediately before the widely opened slit of the spectrograph. 
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White light from a small diffuse source fell upon ^ese slits aud produced a 
series of continuous spectra^ the intensities of which at any wave-length were 
proportional to the widths of the respective slits. Each photographic plate 
was exposed to these spectra immediately after the exposure to the AsII 
spectrum. The exposure times for the line pattern and the density marks 
were of the same order. Freshly coated backed Ilford hj^ersensitive 
panchromatic and soft gradation panchromatic plates were used. The 
plates were developed for 7 minutes in pyro-aoda, and were continuously 
agitated during the development. 

Microphotometer recordings of the plates were made with a Cambridge 
Instrument Company's recording michrophotometer. Each tracing consisted 
of a run across the density marks at the approximate wave-length X 5231, 
and a run across the Fabry-Perot fringes of the fine structure multiplet. A 
recording across the fringes is shown in Plate 12, 

Method of Reduction 

In evaluating the true intensities of the components from the photometer 
tracings, three independent factors must be taken into consideration, namely : — 

(i) the source itself has an intensity distribution such that there is a maximmu 

brightness at the centre which falls off regularly towards the walls of 
the hollow cathode ; 

(ii) a Fabry-Perot interferometer produces a definite intensity distribution 
from order to order ; a theoretically uniform extended source gives a 
maximum of intensity in the central orders, the intensity falling off 
regularly towards the outer order fringes ; 

(iii) the intensity distribution between two orders of any component con- 
tributes to the intensity of every other component lying between these 
two orders. This contribution is a function of the line width and the 
reflection coefficient of the interferometer, the instrumental factor 
being the more important. 

The present method of reduction deals with these factors in the following 
way : A smooth curve was drawn through the peaks of successive orders of 
each component as shown by the dotted lines in Plate 12. They represent the 
resultant intensity distribution due to (i) and (ii) above. The intersections of 
any Y ordinate with these curves gives the relative heights of the peaks 
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corrected for the intensity distributions across the fringe system. In effect this 
is equivalent to shrinking the three components into superposition in the fringe 
system. These heiglits, converted into units of intensity by means of a 
blackening curve, represent the intensities of the peaks corresponding to the 
three components. In order to obtain the true intensities of the components 
from the “ peak intensities it is necessary to evaluate the mutual contributions 
described in (iii) above ; and to evaluate these requires a knowledge of the 
intensity distribution between two adjacent orders of a single fringe. This 
distribution was determined from a microphotometer recording of a structure- 
free line in the same spectral region, namely, X 5385. (The errors introduced 
by the small difference in wave-length are negligible.) Tlien from the measured 
separation of the peaks of X 5231 the contribution to each component by each 
of the others, expressed as a fraction of the latter, was determined. Thus the 
peak intensity corresponding to each component could be expressed as the 
sum of three parts, namely, the intensity of the component itself plus small 
fractions of the intensities of the other two components. This gave three 
simultaneous equations, one for each peak, which were solved to give the three 
true intensities. If A, B, C are the peak intensities in diminishing order and 
Ii, Ij, I 3 arc the desired true intensities also in diminialiing order, then the 
experimentally determined equations were 

I 1 + 0-075 12 + 0-12 13 = A 
0-075 11 + Ig + O-lSIj^B 
0-12 Ii + 0-13 Ia+ I 3 = C 

An attempt was made to determine the effect of scattered light which is not 
corrected for in the above method. This effect was found to be too small for 
photometric determination and so can introduce no appreciable errors in the 
results. 


Results 

In order to examiije systematically the intensities in X 5231 for any possible 
effects due to self-absorption, temperature, etc., the observations of the 
intensity ratios were made for a number of different discharge tube currents. 
The range of currents was from 80 to 165 milliamperes ; with currents less than 
80 milliamperes the light was too feeble for the thick Fabry- Perot silverings 
employed, with currents greater than 165 milliamperes the rise in arsenic 
vapour pressure made the discharge unstable. 
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From a number of plates seven were chosen on which the densities fell into 
the best regions of the calibration curves. For each plate the microphotometer 
recording was taken across about eight orders. Seven equidistant ordinates 
were drawn and thus, in the manner of reduction described above, each record- 
ing jdelded seven values for the intensity ratios. From these, mean values of 
the ratios were determined for each plate. These mean values are, given in 
Table I where, for convenience of comparison with theory, the central com- 
ponent has been given an intensity of 2. 


Table I — Fine Structure Intensity Ratios in X 5231 
(Theoretical Ratios 1:2:3) 


Current 
(milliam pores) 


Oliservod intensity ratios 


(5s - 5p ®Po) 


80 

100 

100 

160 

150 

166 

Mean ratios 


0-91 :2:310 
0*98:2:2*92 
0*97;2:307 
0-99:2: 2-86 
100;2:2‘84 
103:2:313 

0*98 i:0 04:2:2‘99 ±012 


The deviations from the mean are not systematic enough to indicate any 
dependence of the ratios on current, and within the probable error of 4% 
the theoretical ratios of 1 : 2 : 3 are verified. Since the upper term of X 5231 
is single ( J — 0), the results show without ambiguity that for the 5« ^Pj term 
the quantum weights of the fine structure levels are proportional to 2F + 1, F 
being the fine structure quantum number of any level. 

In conclusion, the writers wish to express their best thanks to Professor 
A, Fowler, F.R.S., for his kind assistance and encouragement and for the 
excellent experimental facilities which have been enjoyed in his laboratory 
during this investigation. 


Summary 

Accurate measurements of the intensity ratios in the fine structure triplet 
of AsII X 5231 (6« ®Pi — 5p ^P^) have been made by a method of photographic 
photometry. The spectrum was excited in a water-cooled hollow cathode 
discharge and examined by means of a silvered Fabry-Perot interferometer. 
A method of reduction is described which takes into consideration the intensity 
distributions in the source and in the interferometer. The mean values of the 
triplet ratios obtained from 42 independent observations on six spectrograms 
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are 0*98 : 2 : 2'99 which, within the 4% probable experimental error, are in 
agreement with the theoretical values 1:2:3. This proves that the quantum 
weights of the fine structure levels in the 6a“ term are proportional to 2P + 1. 


DESCRIPTION OF PLATE 

The plate shows a photograph of the Fahry-Perot fringes of X 6231 (11 mm etalon) and 
a miorophotometer recording of the fringes illustrating the method of reduction. 


Fluorescent Radiation from NgO 

By P. K. Sen Gupta, Department of Physics, University of Allahabad, 

Allahabad, India 

(Communicated by M. N. Saha, F.R.S.— Received May 15, 1934) 

The action of light on NgO was studied by Leifson* and continued in recent 
years by Wulf and Melvin Dutta,J and the present author§ from experiments 
on its absorption spectra. The experimental data so far known indicate that 
under the action of light quanta of suitable wave-length NjO dissociates into 
a normal NO and N which may be in difieretit excited metastable states as 
shown below. 


N,0 + Av, = NO + N («S) 

(1) 

N,0 + Ava = NO + N («D) 

(2) 

NaO 4- Avj = NO + N (*P) 

(3) 


These processes are inferred from the various starting points of continuous 
absorptions from a long wave-length limit, and with retransmitted patches of 
light occurring between these beginnings. The energies corresponding to 
Avj, Avj, and Avj are given by the difEerent long wave beginnings of absorption 
at X 2750, X 1850, and X 1580 \ the differences of energy between these l ig ht 
quanta are respectively the values of and ^ of N. 

♦ ‘ Astr, phys., J./ vol. 68, p. 73 (1926), 

t * Phys. R^v./ vol. 39, p.180 (1932). 

i ‘ Proc. Roy, Soc./ A, vol. 138, p. 84 (1932). 

§ ‘ Bull. Acad. Soi. U.P., Allahabad,’ vol 3, p. 197 (1934). 
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Fluorescent Radiation from N^O 

But so far uo evidence of the production of an excited NO molecule, as the 
result of light absorption has been found, according to the process, 

N^O + = NO^ + N («S). (4) 

For explaining the non-occurrence of such a process let us find out theoretically 
the value of We have = Avj + e, where e is the energy required to 
excite the NO molecule. For Av^, Mecke*** has given a value of 105 k. cal., 
while Putta {loc, cit,) from his absorption experiments gives 104 k. cal. The 
agreement seems to be quite good, but Dutta*s value seems to be high on 
account of the fact that in the process of absorption, transition takes place 
from the ground state to an excited one for which the Franck-Condon curve is 
rather sloping,! indicating repulsion. Taking into account Lozier’sJ latest 
determination of the heat of dissociation of nitrogen, which appears to be 
correct, the value of Av| has been recalculated here. 

Since 

Na + 8 volts = 2N 
NjO^-^n-Tk. cal. -Na-f iOg 
NO -21 -5 k. cal == Pa + iOj, 
we obtain from equation (1) 

95 k. cal 

The ground states of the NO molecule are H I a, and the next excited states 
are and The y-bands corresponding to transition require 

an energy of 125*4 k. cal for their excitation, while the p-bands corresponding 
to HI a ^ transition require 128*8 k. cal§ Thus t is either 125*4 or 128*8 
k, cal according as the NO molecule is excited to the or *11^ state. In the 
former state, 

h\ — Avj + e 

=-95 + 126*4 = 220*4 k. cal 

This corresponds to a wave-length of 1300 A. In the latter state, 

Av 4 = 95 + 128*8 
=== 223*4 k. cal, 

corresponding to X 1290 A. 

♦ * 55. phya. Chem.,* B, vol. 7, p, 126 (1980). 
t Sen Gupta, ' Z. Physik,* vol. 88, p. 647 (1934). 
t * Phya. Rev.; vol. 44, p. 676 (1934). 

J Jevons, ‘ Report on Band Spectra of Diatomic Molecules,’ p. 288 (1932). 
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This explains why we do not got the absorption corresponding to the photo- 
chemical process (4), as it would lie almost at the limit of the fluorite spectro- 
graph* Other absorptions indicative of the interaction of excited NO as well 
as excited N would lie still further off in the ultra-violet beyond the fluorite 
region. 

If the photochemical processes indicated above occur, the excited atoms or 
molecules should return to the normal states and we should get the corre- 
sponding lines or bands in emission. In the reactions mentioned we may expect 
the lines of N given in Table 1. 

The transitions indicated are all forbidden and, therefore, the probability 
of appearance of these lines in emission is extremely small. The lines due to 
and *P — ^8 are claimed to have been obtained in astrophysical sources 
by Boyce, Menzel, and Payne.* Of the three transitions the most probable 
is that of ^P — but the corresponding line lies in the extreme infra-red 
region where photography is inapplicable. 

Table I 

A in A miitft Exciting A in NjO 

10000 hv^ f (Avi - 8*06 volte (A mO) 

^470 hvi -f- {kvi — 8*06 volte (A 1580) 

6210 hvi 4 (hvi -- hp^) - 6*87 volts (A 1850) 

On the other hand, as transition corresponding to the state in which NO 
is excited are not forbidden, tiie corresponding bands are easier to obtain if 
NjO is irradiated by light of suitable wave-length. Both the p and y bands 
of NO correspond to transition to the fundamental state as shown by Sponer 
and Hopfieldt from the photographs of Leifson {loc. at.), and later supported 
by Mulliken. But in the visible region only the p-bands are obtained. Here 
we are concerned only with the visible part of the spectrum, because the 
camera available had only glass lenses. 

The experimental method was quite simple. A 600 cc glass globe was 
filled with NjO (preparetl from ammonium nitrate and dried by phosphorus 
pentoxide) at an average pressure of O' 01 nun of mercury. The gas was 
illuminated with light from a hydrogen-discharge tube through a fluorite 
window, so that light up to X 1200 could bo obtained easily. The illuminated 
part was observed at right angles to the direction of light with the aid of 

* ‘ Proc. Nftt. Aoad. Sci. Wash.,’ vol. 19, p. 68) (1033). 
t ‘ Phys. Rev.,’ vol. 27, p. 640 (1926). 
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<5onstant deviation spectrograph. A special camera* having high light gather- 
ing power was chosen. Photographs were taken on Ilford golden iso-zenith 
plates, and the copper arc was used for comparison. 

After an exposure of 60 hours the p-bands of NO came out very clearly on 
the plate in the region X 5000 3700 A. The lines could be compared with those 
of Jenkins, Barton, and Mullikenf and Johnson and Jenkins.^ In my plate 
also the intensities were maintained ; that is, the lines at 3800, 4041, and 4589 
were very strong. The dispersion being necessarily small, the doublet separa- 
tions were not distinct and some of the lines were too faint to be record exi with 
certainty. 

There were also a few hydrogen lines which were due to the scattering of the 
Balmer lines by the gas. These could easily be eliminated by direct com- 
parison with the spectrogram of a vacuum hydrogen tube. 

The excitation of the p-bands of NO requires 5*6 volts. The bands which 
are observed may be due to fluorescence of free NO, which may be present as 
an impurity or may be produced permanently in small quantities owing to the 
continued action of light on N^O. (Frequent fillings of the globe with fresh 
NgO, and subsequent evacuations, reduced the possibility of production of 
free NO to a minimum.) To test this point, another experiment was done in 
which another exposure of 60 hours was given under exactly similar conditions 
except that NjO was now illuminated by light having the short wave limit at 
X 1860 (Ha-spectrum through quartz window). By this method the dissocia- 
tion of NgO into NO excited was avoided. The result was negative. This 
proved that the p-bands in the previous experiment were really due to the 
photochemical steps — 

NaO + X 1290 -- NO' (^H,) + N (*S) 

NO'(HU >NO(«ll,), 

and not due to the excitation of any free NO in the globe as represented by 

NO+ X2220--NO' (^H,) 

NO' (*n,)-NO(*lIJ. 

The work is being continued with some experimental improvements to 
obtain the forbidden atomic transitions. 

* I am grateful to Dr. S, B. Dutt, Reader in Organic Chemistry of the Allahabad Uni- 
veraity, for the loon of the camera. 

t * Phys. Rev.,* vol. 30, p. 160 (1027). 

} ‘ Phil. Mag./ vol. 2, p. 026 (1930). 
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I am very grateful to Professor M. N. Saha, D.Sc,, F.R.S., for helpful sug- 
gestions and guidance in connection with this work. 


Summary 

The p-bands of NO were obtained in fluorescence when NgO was illuminated 
by light of suitable wave-length, showing that NO, which is one of the products 
of photochemical dissociation of N^O is also excited during the process. 


Inert Gas Effects in the Photosynthesis of Hydrogen Bromide 

By Mowbray Ritchie, B.Sc., Ph.D., Department of Chemistry, University of 

Edinburgh 

(Communicated by J. Kendall, F.R.8. — Received May 23, 1934) 

Recent studies of many chemical gas reactions which involve the production 
and behaviour of atoms, have shown that the effect of the surface of the reaction 
vessel on the atom concentration can seldom be regarded as a small disturbing 
factor to be allowed for by a semi-empirical correction, but must be adequately 
considered in relation to the other processes determiiiing the velocity of reaction. 
In this connection, therefore, alteration in the pressure of any one reactant 
must involve an effect depending on the diffusion coefficient of the atom con- 
cerned, with regard to the reactant, this effect being, of course, superimposed 
on the normal effect to be expected from the mass action principles of the 
chemical kinetics. Examples of this simple diffusion effect are well known.* 
The results to be expected on these lines are sometimes complicated by the 
existence of other factors consequent on increase in pressure in the reacting 
system. In the photosynthesis of hydrogen bromide, where bromine atoms 
are involved, it has been shownf that increase in total pressure, by the intro- 
duction of an otherwise inert gas, produces a relative decrease in reaction 
velocity, where the application of the simple diffusion theory as above would 

• ( 7 /, inter alia, Semenof!, ‘ Z. phys. Chem.,’ B, vol, 2, p. 161 (1920) ; Melville, ‘ Trans. 
Faraday Soc.,’ vol. 28, pp. 302, 814 (1932) ; NorrUh and Griffiths, ‘ Proo. Boy. Soc./ A, 
vol. 139. p. 147 (1933) ; vol. 136, p. 69 (1982). 
t dost and Jung, * Z. phys. Chem.,’ B, vol. 3, p, 83 (1929). 
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lead one to expect an increase in velocity by prevention of the removal of 
bromine atoms by the walls. This decrease has been attributed to the 
stabilization of .the bromine ** quasi-molecule **’’* by the added gas molecule, 
the removal of bromine atoms being thus facilitated by what is virtually a 
triple collision. Similar considerations apply to the photochemical formation 
of phosgene.f 

The mechanism of reaction universally accepted for the photo-combination 
of hydrogen and bromine J is as follows : — 

Av + Brg = Br -f Br 
Br + Ha -HBr + H 
H + Bra-^HBr+Br 
H + HBr -Hj+Br 

The removal of bromine atoms is accomplished by mutual recombination or 
by wall action. In either reaction, however, the rate of formation of hydrogen 
bromide can be obtained from the above in the form 


d (HBr) 
di 

The rate of reaction is thus proportional to the concentration of bromine 
atoms. If the bromine atoms are considered as being removed solely by the 
triple collision process 


2k^ . k^ , [H aJ > [Bra] > [Br] 


Br + Br + M=Br. 


d (HBr) 
dt 


(A, . [Br J + [HBr]) 


In. the calculation by Jo8t§ of velocity coefficients in this reaction, the effect 
of total pressure from the point of view of the triple collision effect was allowed 
for by the introduction of a single term (Vi>m) which no distinction was 
made between the relative efficiencies of the different gases. From the general 
trend of the rates of reaction, however, it appeared that the relative efficiencies 
were expressed by the series H, >0, >Nj > A >He. In the present 
work, preliminary experiments indicated that the efficiency of hydrogen as 


* Jost and Jung, ‘ Z. phy». Chem.,’ B, vol. 3, p. 83 (1929). 
t Schumacher and Stieger, ‘ Z. phya. Chem.,’ B, vol. 13, pp. 167, 109 (1931). 
} Bodenstein and Ltltkemeyor, ‘ Z. phys. Chem.,’ vol. 114, p. 208 (1924). 

S ‘ Z. phys. Chem.,’ B, vol. 8, p. 96 (1929) 
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an inert gas in this connection was more of the order of that of helium and 
argon ; systematic examination of the different effects was therefore begun. 

Briers and Chapman* have shown that as the sxirface removal of bromine 
atoms becomes progressively greater in relation to the recombination of 
bromine atoms, the experimentally determined relation between the rate of 
HBr fonnation and the amount of light absorbed changes from 


di 




where siirface effect is negligible, to 


d(HBr) 


oc(l.b.)”, 


where n tends towards unity. 

These relationships have been confirmed in the present investigation. In 
relation to the formation of HBr in the gas phase, therefore, the removal of 
bromine atoms by the surface does not involve a term in [Br]®. Correspondingly, 
the experimental conditions in which surface effects might be expected to 
predominate are low pressures of bromine and low intensities of illumination, 
together with small reaction vessels with suitably low total pressures. On the 
other hand, high concentrations of bromine atoms, produced by high light 
intensities and high pressures of bromine, will tend at high total pressures to 
favour the removal of bromine atoms by the triple collision process involving 
the square of the bromine atom concentration. The results of the present 
work are considered in relation to these two extremes of classification. 

Experimentally, relative values of the rates and quantum efficiencies of 
HBr formation at 200® C were obtained for fixed pressures of Hg, Brg, and 
HBr, the incident light intensity being kept at a constant value, while other 
gases (He, A, Nj, Ojj, CCI4) were added in various proportions. The rate 
of reaction was calculated feom the rate of removal of bromine as determined 
by a photometric method 


Apparatits 

A diagram of the apparatus is given in fig. 1. All experiments were carried 
out at 200® C, this temperature being maintained in the electric heater F, 
by means of a 100-volt battery system with suitable resistances. Little 
difficulty was experienced in keeping the temperature constant to ±0*2® C, 


* ‘ J. Cfaem. Soc.,* p. 1802 (1928). 
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as measured by mercury thermometer, by means of a sUding resistance worked 
by hand. The heater itself was constructed in two similar sections to facilitate 
the introduction of the quartz reaction vessel V, the heating coils being wound 
round the inner glass cylinders occupying the centre of each section, while 
several layers of asbestos paper placed just inside the outer metal cover 
rendered the production of the necessary steady temperature a comparatively 
easy matter. Light from the 500-watt lamp 8, run at 190 v from 230 v. A.C. 
mains by hand controlled resistance, was rendered parallel by a system of 



Fig. 1 


s 


lenses and circular apertures, and passed into the inner tube of the heater 
through the plane glass plate closing the end, traversing then the reaction 
vessel, and being finally focussed by the lens L on the aperture of the photo- 
electric cell C (potassium metal, vacuum type). The photo-electric current 
was magnified by thermionic valve and recorded by galvanometer, %. 1, 
an arrangement which at all times gave accurately reproducible results. 

The quartz reaction vessel, cylindrical in shape and of optically plane ends, 
was of 32 CO internal volume and approximately 60 sq. cm internal surface, 
being connected by capillary tubing to the Bourdon glass-spring gauge and 
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to the various gas reservoirs through the ground joint J, The gauge itself, 
kept at constant temperature by the surrounding water jacket, was usually 
used as a null instrument only, for the measurement of the total gas pressure 
in the reaction vessel. The pointer of the gauge, observed by telescope, was 
thus brought back to the same position on the telescope eyepiece scsale by the 
admission or withdrawal of dry air by the two-way tap P, the balancing pressure 
of air being read off on the mercury manometer Mj, used in conjunction with 
the standard manometer 

The tap grease used throughout was Apiezon L, which absorbed bromine to 
a small extent only at the pressures used in the experiments. No abnormalities 
in reaction velocity were ascribed to its use. In calculating rates of reaction, 
correction was applied for the small decrease in pressure which occurred during 
the course of an experiment and which was due to such absorption. 

All parts of the apparatus could readily be evacuated to a pressure less than 
0*01 mm by means of filter pump and Hyvac oil pump. 

Bromine, carbon tetrachloride, and carbon dioxide were distilled through 
phosphorus pentoxide and purified by repeated fractionation. Hydrogen 
and oxygen were prepared by electrolysis of sodium hydroxide solution passed 
over hot copper and copper oxide respectively, and dried by phosphorus pent- 
oxide. Nitrogen and argon were obtained from cylinders and passed through 
liquid air traps before use. Helium was used as supplied by the British Oxygen 
Company. 


Determination of Bromine Concentration 

The light beam was rendered approximately monochromatic {X % 420 \k[l) 
by an aqueous solution of cupric ammonium sulphate (6 cm length of 1% 
solution) used in conjunction with an aqueous solution of quinine hydro- 
chloride (2 cm length of 1% solution). By Beer’s law, for monochromatic 
and parallel light, 

[BrJ oc log lo/I, 

where [Br^] represents pressure of bromine, the transmitted light intensity 
at zero pressure, and I the transmitted light intensity at the pressure [Br^]. 
Determinations of logl^j/I were carried out with bromine pressures up to 
50 mm, Iq and I being taken as the corresponding deflections of the galvano- 
meter. The temperature was that at which actual rates of HBr formation 
were recorded, namely 200^ C. The linear relationship given above was found 
to be valid, the pressure of bromine being given by 77*0 loglQ/I. 
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It was found in accordance with the results of Jost;* and others, that the 
introduction of other gases altered the absorption coefficient of the bromine, 
this effect being akin to the broadening of the absorption bands by added gas 
molecules. A small increase in absorption which necessitated a correction in 
the calculations was always observed. This correction was estimated at the 
beginning* of each experiment. 

Experimental Procedurs 

After the required steady temperature of 200® C had been attained, and the 
system had been thoroughly evacuated by oihpump, repeated observations of 
1q (representing transmitted intensity of blue light when no bromine was 
present in the reaction vessel) were recorded. The reaction vessel w^as then 
“ washed out ** once with pure bromine vapour, bromine added to the required 
pressure, and the value of T, the transmitted intensity, recorded. Addition of 
inert gas to the required pressure was followed by redetermination of the trans- 
mitted light, this value being slightly less than the previous value by reason 
of the increased absorption due to the presence of inert gas. At this stage the 
mixture was illuminated for a short time {5-10 minutes) to minimize the effect 
of possible inhibitors. Hydrogen was added last, observations of the trans- 
mitted light being again rapidly recorded. 

Towards the end of the necessary period of illumination repeated observa- 
tions of the transmitted light were again made. The small decrease in total 
pressure occurring during the illumination was measured by the gauge pointer 
and telescope eyepiece scale. Evacuation and redetermination of Iq completed 
the experiment. 

Experimental Results 

As carried out in the above manner, each experiment gave values of log Iq/I 
for the beginning and end of each period of illumination, and these were 
converted to actual pressures of bromine by means of the calibration graphs 
of log IJl against [BrJ. The small decrease in total pressure recorded by the 
gauge pointer was attributed, for purposes of calculation, to absorption of 
bromine alone by the tap grease, and a correction (approximately equal to 
2% of the total change in bromine concentration) applied accordingly. Table I 
is typical of the results obtained. The average pressure of the reactants 
is given in millimetres, the total hydrogen bromide produced by the illumina- 

* ‘ Z. phya. Chem.,’ B, vol. 3, p. 95 (1929). 
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tion being in each case twice the value recorded under the heading (HBr)^ 
while y is the relative quantum efficiency calculated by the formula 

. 10* X 2 X HBr 

t X fftbR. 

Here labs. = (Iq I)» and I represents the transmitted intensity ^ the mean 
bromine pressure. The values under the heading y have been calculated 
to [Hg] — 200 * 0 mm from y' on the assumption that the reaction velocity 
and relative quantum efficiency are proportional to [Hj], 


Table I- 

-Blue light. 

No inert gas present. 

[H*] = 

200 * 0 mm 

[BrjJ#i5 



mm 

[HBrj % 

4 ’5 mm 



[HJ 

[Br.] 

[HBr] 

i 

lalMn. 

y' 

y 

mm 

mm 

mm 

mitift 

diva 



201-0 

16-3 

3-65 

60-6 

13-3 

91-0 

90-6 

202-5 

15-8 

4-25 

«10 

14-5 

90-2 

95-0 

202-4 

14-6 

4-35 

60 0 

16-1 

96-6 

94-5 

202-7 

14-2 

4-37 

60-6 

15-0 

96-0 

94-5 

199-0 

14-5 

4-59 

61 0 

16-9 

95-0 

96-5 

203-5 

14-2 

4-69 

62-0 

15-6 

97-5 

96 0 


Average y 94 ’3 



With similar values of [Hj], [Br,], [HBr] and I,b.„ rates of reaction were 
measured for various concentrations of other gases. Results are given in 
Table II, and are shown graphically in fig. 2. 
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The curve representing the inert gas efEect of hydrogen was obtained by 
reducing the appropriate values of Y {obtained for the various values of [HJ) 
to [Hg] — 200*0 mm by assuming in accordance with the mechanism previously 
quoted, that the rate of reaction, apart from diffusion and triple collision 
effects, is directly proportional to the hydrogen concentration. The corre- 
sponding inert gas concentrations were obtained by subtracting 200 from 
the actual values of [Hj] with which the experiments were carried out. 


Added ga « 

[ H ,] 

[ Br .] 

Table II 

[ HBr ] 

t 


y ' 

Y 

CO , -- 284-5 

0im 

201-6 

mm 

14-4 

mm 

4-95 

miDA 

40-6 

div 8 

13*4 

182 

181 

106-6 

198-2 

13-9 

6-16 

58-0 

12-76 

139 

140 

202 1 

200-2 

14-0 

5-08 

47-0 

12-66 

106 

166 

356-4 

201-3 

14-5 

6-65 

39-5 

14-6 

196 

195 

400-3 

201-1 

14-5 

4 17 

30-1 

14 2 

196*5 

196 

403-0 

198-7 

14-8 

4-75 

36-0 

13 0 

203-0 

204 

N , 60-3 

200-5 

14-06 

4 95 

61-0 

14-2 

114 

114 

303-4 

205-6 

12-85 

5-43 

48-5 

13-5 

166 

163 

118-0 

200-6 

13-7 

6-92 

60-0 

14-3 

137-5 

137 

367 1 

200-8 

13-9 

5-85 

46-0 

14-5 

179 

178 

2211 

200-8 

13-8 

6*32 

55-0 

14-6 

157 

166 

449 ■() 

199-6 

13 7 

6-70 

46-0 

13*9 

182-6 

183 

0, - 312-6 

202-5 

14-0 

5-1 

60*0 

11-3 

150-6 

147 

103-5 

199-0 

13-4 

4-16 

60-0 

10-6 

132 

133 

203-3 

201-7 

13-9 

6-32 

60-0 

12-1 

146*6 

145 

400-2 

216-2 

13-6 

4-25 

45-0 

11-65 

161-6 

149 

68-1 

199-2 

14-5 

6-50 

62-0 

14-8 

120 

121 

122-0 

199-6 

14-5 

6-2 

61-0 

15-4 

132 

132 

370-0 

198-1 

12-8 

6-65 

62-0 

14-4 

146-6 

148 

He 124-9 

201-0 

14-3 

8-33 

57-0 

11-6 

101 

101 

228-2 

200-9 

16 i 

4-31 

57-0 

13 7 

110 

109 

356-4 

201-4 

14 6 

4-27 

57-0 

13 0 

116 

115 

CCI , 21-5 

201 -0 

13-5 

6-0 

60-5 

13-2 

126 

124 

43-0 

201-0 

13-6 

4-65 

50-0 

12-6 

147-6 

146 

01 -0 

201-0 

13-7 

2-80 

30-0 

12-0 

156 

165 

H , 436-0 

636-0 

12-8 

6-52 

30-0 

13*4 

324 

102-0 

254-0 

464-0 

13-1 

6-05 

41-0 

13*36 

221 

97-5 

154-4 

364-4 

13-7 

6-35 

63-0 

13-7 

174-6 

98-6 

378-3 

578-3 

14-7 

6-35 

30-6 

13-06 

299 

103*0 

396-2 

596-2 

13-8 

6-50 

31-0 

13-3 

316 

106*5 

101-8 

301-8 

14-76 

4-47 

45-0 

18-75 

144 

96-0 

298-1 

498-1 

16-2 

6-08 

30-0 

13 6 

261 

101 0 

If hydrogen had no 

effect other than that to be attributed to the chemical 


reaction mechanism, then the curve so obtained would be a straight line parallel 


to the concentration axis. Fig. 2 shows, however, that as hydrogen is added, 
the rates so obtained become progressively greater than would be expected on 
the above basis, and this relative increase must therefore be attributed to 


VOt. OXtVI.— A. 


3 M 
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the decreased rate of removal of bromine atoms by the wall. The other curves, 
with the possible exception of that with oxygen as added gas, are explicable 
on the same basis. 

The theory previously outlined indicates that under such circumstances the 
rate of reaction would approximate to the first power of Inb*.? while, on the 
other hand, complete removal of bromine atoms by recombination in the gas 
phase would render the rate proportional to (Iab«.)*» Experiments were carried 
out in two series, the first in which no inert gas was present, and the second in 
which approximately 460 mm carbon dioxide were added. The incident light 
intensity was reduced by placing blue glass plates in the path of the light beam. 
The results ore given in Table III, where Yi represents actually measured 
values (y') calculated to [H 2 ] =400*0 mm as before. 

Table III 


[CO*] 

[H.] 

[Brd 

[H®rJ 

i 



Yt 

XttlU 

mm 

mm 

mm 

mins 

divs 



0 

.397 0 

16-6 

4-30 

61 

6-26 

226 

228 

0 

403-6 

14-7 

4-00 

60 

6-85 

228 

226 

0 

402 0 

14-6 

8*80 

60 

5-74 

221 

220 


The mean value of Yi == 225 can be taken as representing the conditions 
[H2]=400, [ 613 ]= 15-0, [HBr]=4-0, [W]i=5-9; this is to be com- 
pared with Ya =198 for [Hj] =400 mm, [BrJ =16-0 mm, [HBr] = 6-0 
mm, and (labnja =15*0 divs (c/. fig. 2 , and Table II). If now 


then 


d (HBr) 
dt 


a (labs.)", 


Xi == 

Ya 



and the value of n is here calculated as equal to 0 * 86 . 

The results for the other series are given in Table IV, where the values of 
Yi are those of y' calculated to H 2 = 200*0 mm; Ya values are the corre- 
sponding efficiencies given by the CO 2 curve of fig. 2 , where labf. — 13*6 divs. 


Table IV 


[C()*l 

[H,l 

[Br*] 

[HBr] 

i 

(W) 

y 

yi 

Y% 


n 

mm 

mm 

mm 

mm 

mins 

divs 






420*0 

202-0 

10-9 

8*5 

61 

6-00 

230 

228 

203 

18-5 

0-86 

441-5 

202*3 

14*3 

3*77 

62 

4*90 

248 

245 

206 

18-0 

0-83 

471-0 

200*0 

15-8 

3 06 

46 

6*68 

240 

240 

210 

18-0 

0-84 
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Calculation gives values of n slightly less than Imt of the same magnitude 
as before. It is thus apparent that the addition of inert gas as above involves 
a small (jhange only in the relationship between rate of reaction and energy 
absorbed. In general the results indicate that bromine atoms, under the above 
conditions, are removed by wall action to a greater extent than that involved 
in mutual recombination. 

It has been shown by Melville and Ludlam* that the increase in chain 
lengths in certain thermal oxidation reactions due to the addition of inert gas 
can be expressed approximately by the factor 


1 + 




\PR + PoJ 

where px, and represent pressures of inert gas, oxygen, and oxidixable 
substance respectively, and p. is a constant inversely proportional to the 
diffusion coefficient of the reactive centres through the gas mixture. If |x 
is truly constant, then the graph of the rate of reaction against px is a straight 
line. Departure from linearity indicates that the inert gas is causing the 
chains to end in some other manner. 

Similarly, curves showing the accelerating effect of inert gases on tlio photo- 
synthesis of hydrogen bromide would be truly linear if the addition of inert 
gas involved no factor other than diffusion. The fact that for the conditions 
of the experiments of Tables I and II, the rate of reaction is proportional to 
(labn.)”, where n is not unity but approximately 0-85, shows that the recom- 
bination effect cannot be neglected. In view of the fact, however, that the 
departure from linearity in the curves of fig. 2 is not large and that the change 
in n is small, it is possible to calculate from a knowledge of the molecular 
weights and diameters of hydrogen, bromine, and hydrogen bromide, relative 
values of the molecular diameters of the added inert gases, and in this way 
confirm the theoretical treatment. 

If the atomic recombination be entirely neglected, it can be shown in the 
usual way that 


d (HBr) 
dt 






(A^3M + ^4[HBr])S 


where 8 represents the rate at which bromine atoms reach the wall of the 
vessel and are removed. For constant values of [HJ, [BrJ and [HBr], 

rf(HBr) L _k 

YHBr g- 

* ‘ Pros. K«y 800 .,’ A, vol, 132, p. 108 (1931), 


3 M 2 
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Conaider now the bromine atom diffusing through a mixture of the four gasea^ 
Brg, Hj, HBr, inert gas, for which the diffusion ooefficienta for each gas 
separately are Dj, D3, respectively. 

If t be the time required to diffuse a given distance, then it can be taken that 



Now S is inversely proportional to t and hence 



For the diffusion of a binary mixture, by the Stefan>Maxwell theory, 


J)az 






Ms 


where 


Ma = molar weight of particle diffusing 
Mx = molar weight in inert gas 
[X] = pressure of inert gas 

gax — sum of radii of gas molecule and diffusing particle. 


Substituting this in the expression for ynsr and remembering that [HBr] and 
[BrJ are constant, we have 


where k' is a constant readily calculated for the appropriate pressures of Hj, 
Big, and HBr, if the corresponding molecular radii are known. When no 
added inert gas X is present, 

YHBr — kk\ 


The ratio of the quantum efficiencies with and without inert gas X is therefore 

• 

It is thus possible, for the above conditions, to calculate the molecular 
radii of the added inert gas molecules, if the radius of the bromine atom be 
known. Since, however, an appreciable fraction of the bromine atoms were 
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removed by triple collision as indicated by the experimental connection 
between d{HBr)/rft and Isfw., such calculated radii must be expected to be less 
than the commonly accepted values. In view of the fact that the departure 
from linearity in the curves of fig. 2 is not great, and that any possible differ- 
ences in triple collision efficiency will have only a secondary effect, relative 
values of the radii are calculable with a fair approximation to accuracy. 

The values of [i for each inert gas were obtained from the appropriate 
curves of fig. 2 by extrapolation to [X] — 0 ; they thus represent the slope 
of the line that would be obtained if the addition of inert gas involved no 
effects other than the diffusion process. In Table V are given the relative 
increases in rate of reaction afforded on this basis by the introduction of 
100 mm inert gas, and the calculated values of 



Table V- 

--5 8 liimzi 
100 

1)*'./ 1 

Mx./ 


’ = 2-00 

X (TBr - 

-2 X 0-84 X 10 

r»cm. aiir. = 

= 2 X 1-68 

X cm, 


®UUr — 2 X 1 

•40 X lO'^^ cm. 

Oh, = 2 X 1 

•15 X l()-« 

cm. 

Inert gaa 

(Mioo U A' X 10** 1 

^•4 ' y‘ „.x«xl0*‘ 
^Ma 

axx X 10* 

N, 

1-47 

0-S4 

0-219 

2*0« 

1*43 

0, 

i*47 

004 

(1*209 

1-96 

1*40 

COa 

1-57 

M4 

0*187 

2*13 

1*46 

CJCl* 

2*96 

2«0 

0*138 

4*10 

2*00 

Me 

1*09 

0 18 

0*461 

0*83 

0*91 

H, 

104 

0 08 

0*715 

0*67 

0*76 


As expected, calculated values arc low, as compared with the usually 
accepted figures. Relative values are therefore considered by taking nitrogen 
as standard with — (1*55 + 0-81) . 10^*^ = 2*39 X 10*“^ cm, the other 
values being raised correspondingly by the same factor. Results are given 
in Table VI. 



Table VI 


Ga« 

0‘5 <yx X 10* 

0 *5 ax X 10* 

(from viscosity) 

(calculated) 

N* 

1 65 

1*56 

0 . 

1-46 

1*49 

CO, 

1*60 

1*60 

CC 14 

2-56 

2*50 

Ho 

0*96 

0-70 

H. 

M 6 

0*42 


The value for hydrogen is the only one which shows a marked divergence 
from the usually recognized figure. It is to be noted that a small error in 
P^ioo lA is small produces a marked effect on the finally calculated value 
and the difference may thus be due to experimental error. 
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The anomalous nature of the oxygen curve of fig. 2 remains to be considered. 
The values for the molecular weight and diameter of the oxygen molecule 
would indicate here a diffusion curve approximating in position to the nitrogen 
curve. Where the pressure of added gas is less than 100 mm the curve is 
normal in its position, but higher pressures obviously involve the introduction 
of a factor which is not connected with the diffusion process. The lower rate 
values then obtained are regarded as due to the removal of hydrogen atoms by 
oxygen. The effect of this reaction depends on its relation to the removal 
of hydrog(m atoms by bromine, the deciding factors being the relative pressures 
of bromine and oxygen, as well as the collision efficiencies of both reactions, 
If the two opposing reactions are 

H + Btj = HBr + Br, 
and 

H + Oj = HOa. 

and are of equal collision efficiencies, then the addition of 15 ram oxygen to 
15 mm bromine would reduce the rate to half its original value ; correspondingly 
the addition of 460 mm oxygen would mean a retardation factor of 1/31. 
Since the addition of 450 mm oxygen actually gives a retardation factor of 
1/1*36 (by comparison with the nitrogen curve), the efficiency of the reaction 
involving oxygen must be 1*2 X 10“^ times that of the reaction involving 
bromine. Taking as the collision efficiency of this latter Bodenstein’s 
value of 10^^*, the collision efficiency of the former is 1*2 X 10''*. The 
assumption is here made that the triple collision efficiencies ore not appreciably 
different for oxygen and nitrogen ; later results show that oxygen is more 
efficient in this respect than nitrogen, and therefore the true value will be 
slightly less than this figure. Bodenstein (foe. cit.) gives 10”^* as the efficiency 
of this reaction ; Bates and Lavinf indicate a maximum value of 10*®, and 
Norrish and RitchieJ give 10 '* at 26^* C. The introduction of the reaction 
H + Og + Hg — HgO + OH as an additional means of hydrogen atom 
removal would reduce the probable value of the HOg reaction a little further. 

ResxdU with Higher Conc&nifatiom of Bromine Atoms 

Increased pressures of bromine were employed in conjunction with the 
maximum intensity of light provided hy the filters. The method of experiment 

* ‘ Trans. Faraday Soo./ vol. 27, p. 416 (1931). 

t * J. Araer. Chem. Boo.,* vol. 66, p. 81 (1983). 

J * Proc. Roy. Boo.,* A, vol. 140, p. 713 (1933). 
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and the measurement of reaction velocity render inconvenient the use of very 
high pressures of bromine. The quantum efficiency (arbitrary units) was 
320 for [Nj] == 250 mm, [H^] 300 mm, [BrJ = 39-0 mm, [HBr] = 15-0 mm, 

and labH. = 37-0 divs. Experiments for similar concentrations of reactants 
but with labs. ==20*4 divs gave y == 412, the incident intensity being reduced 
by blue glass plates placed in the path of the light beam. Taking as before 

d(HBr) ^ , d(HBr) L 

^ (I.bO > and Y == ■■ / W, 

the ratios of the above quantum efficiencies for the two intensity values yield 
a value of n equal to 0*63, indicating that under such conditions, practically 
all bromine atoms were removed by mutual recombination, and not by the 
agency of the surface of the reaction vessel. 

Since definite conclusions as to the triple collision effects of the different 
gases could not be reached with the maximum intensity of blue light obtainable 
as above, further experiments were carried out with white light from which 
light of wave-length less than 365 [l\i was removed by means of quinine hydro- 
chloride solution. The 500 watt lamp was employed as before as the source, 
the rate of reaction being then some six times faster than before. The change 
in bromine concentration was determined by means of blue light as already 
described ; the incident intensity of white light was taken as the galvanometer 
deflection produced by the white light, and lab*, calculated by applying the 
blue light absorption coefficient per mm bromine to this Since neither 
I^, nor the distribution of energy in the white light spectrum changed appreci- 
ably throughout the series of experiments, relative values of the quantum 
efficiency were obtained as before. The assumption is here made that the 
small increase in the light absorption of the bromine due to the presence of 
added gases is (with regard to each individual gas) relatively the same for 
white light as for blue light. This assumption cannot involve an error of any 
magnitude in view of the fact that the absorption coefficient of bromine is at 
its maximum in the blue region of the spectrum. Experimental results are 
given in Table VII, and shown graphically in fig. 3, “ constant conditions being 
[Hj] = 100 mm, [BrJ = 38 mm, [HBr] == 16 mm, [N#] = 100 mm, = 64 
divs, the other gases being added in varying concentrations. In the nitrogen 
B^es the total nitrogen present is given in the first column. The hydrogen 
resuhs have been treated as before. To avoid confusion, the helium and 
hydrogen curves are given at the top of fig. 8. 
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Table VII 


Added gas 

fN .] 

[H,] 

[BrJ 

[HBr] 

/ 



r 

mm 

mm 

mm 

mm 

mm 

mins 




He 100 -J 

100*0 

99*2 

37*9 

15*3 

16-76 

69*8 

326 

328 

220*3 

100*1 

lOlO 

38*0 

16*1 

16*6 

60*6 

322 

319 

288*0 

100*7 

96*1 

36*9 

17*2 

18*5 

61*0 

306 

318 

370*0 

99*6 

100*5 

38*1 

16 3 

17*3 

60*6 

311 

309 

A 122*3 

99*3 

99*3 

38*5 

14*6 

13*5 

62*7 

346 

348 

301*3 

100*4 

101*6 

38*2 

16 1 

13*6 

66*2 

343 

338 

201*3 

99*1 

100*5 

38*4 

15*6 

13*6 

66*4 

348 

347 

381*0 

101*8 

100*8 

37*7 

16*3 

14*0 

64*6 

837 

384 

435*3 

100*0 

100*3 

38*0 

16*6 

16*0 

64*8 

321 

320 

COa 342*0 

102*7 

100*0 

40*0 

13*9 

16*0 

63*9 

272 

272 

222*1 

UK ) *6 

110*6 

39*6 

14*7 

14 *(> 

63*2 

332 

301 

65*3 

100*4 

100*3 

38*5 

15*2 

14*75 

6 M 

337 

336 

109*7 

99*9 

102*1 

37*2 

14*6 

14*76 

59*4 

333 

326 

301*3 

100*9 

100*3 

37*8 

16*85 

17*0 

64*8 

290 

289 

112*4 

101*0 

100*3 

38*2 

14*6 

14*0 

64*0 

321 

320 

479*0 

100*0 

102*7 

39*7 

11*8 

15*25 

63*7 

243 

287 

442*6 

100*2 

101 *0 

38*6 

13 3 

16*76 

63*4 

260 

247 

Oj 80 0 

101*0 

99*1 

37*3 

14*4 

15*6 

60*3 

308 

311 

300*0 

101*4 

98*0 

37*7 

16*1 

19*6 

60*6 

256 

261 

0*0 

96*1 

100*0 

38*0 

16*0 

16*0 

60*6 

330 

330 

101*5 

100*0 

100*9 

39*5 

14*8 

15 0 

61*6 

321 

318 

380*0 

100*2 

100*4 

38*4 

13*26 

19*0 

60*4 

231 

230 

469*1 

101*2 

102*9 

39*6 

12 26 

18*0 

61*3 

222 

216 

210*8 

99-0 

102*7 

38*9 

13 36 

16*0 

69*8 

298 

291 

H , 206*8 

100*7 

306*8 

36*6 

15*76 

5 *() 

63*1 

995 

324 

294*0 

100*6 

394*0 

37*4 

13*9 

3*5 

65*6 

1210 

307 

382*5 

100*9 

482*5 

36*8 

16*7 

3*5 

63*6 

1410 

292 

453*0 

99*3 

663*0 

36*0 

18*0 

3*76 

62*0 

1560 

280 

N , 406*0 

98*1 

38*0 

14*6 

16*0 

67*7 

289 

296 

283*0 

96*6 

39*4 

16*6 

14*0 

68*7 

322 

333 

436-0 

97*6 

38*6 

16*6 

16*0 

67*7 

307 

316 

493*2 

98*4 

38*9 

14*0 

16*0 

67*7 

276 

281 

647 

•4 

110*0 

38*8 

14*8 

14*0 

60*7 

300 

278 

101 

•2 

100*2 

37*7 

16*66 

14*6 

64*8 

331 

330 

196 

■8 

99*1 

36*9 

16*3 

14*0 

66*7 

332 

336 

347 

•1 

102*3 

39*4 

16*3 

140 

67*3 

326 

318 


Examination of %. 3 shows that in some determinations^ a small diffusion 
effect is still appreciable when the added gas concentration is relatively low, 
this being apparent in the initial increases in quantum efficiencies. Further 
addition of inert gas, however, is attended by a decrease in reaction velocity ; 
the proportion of bromine atoms which is then removed by wall action must be 
small, the conditions being comparable to those already cited, where the rate 
of reaction was proportional to 

When all bromine atoms are removed by recombination, the quantum 
efficiency of hydrogen bromide formation is 

V * /j ^ 

^ !' Vi^.(i»[BrJ + *4[HBr]) Vitju' 
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When variation of [MJ is alone considered, Iab«. and the concentrations of the 
other reactants being constant as above, 


or 

V/tjM] (y)* 


Now kJ[M] refers to all the gases present in the system, each of which must be 
taken as having a different efficiency so far as the triple collision is concerned, 
and hence ^^[M] must be replaced by 


[H»] + knBr [Bra] + [Br^] + k, [X]. 



The first three of these terms are constant, by the experimental conditions, 
and therefore 


jfc' + ArJX3 = fc* 
?’ 


where X refers to the added foreign gases of fig. 3. Thus the graphs of 
1 /y* against X should be a series of straight lines with a oonunon intercept 
the slopes of these lines giving relative values of k,. 
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The values of fig. 3 are thus considered in this connection, the results being 
shown graphically in fig. 4. The oxygen values of fig. 3 have been corrected 
for the reaction H + 0^ = HOj by the factor given previously. When the 
pressure of added gas is low, the diffusion effect is considerable, but approxi- 
uaately straight lines are obtained for the higher pressures of carbon dioxide, 
oxygen, nitrogen, and argon, the common intercept being A;'/^ — 0-35 X 10”*, 
From the straight line portions, values of kjh^ are: COj, 0*29 X 10'^; 
Oj, 0*29 X 10"“*^ ; Ng, 0*21 X 10““^ ; A, 0*135 X 10”’. Corresponding values 
for helium and hydrogen cannot be otained with any precision by this method, 
for the reason that the difftision effect is not overcome unless by the addition 
of very large pressures of ‘these gases. 



If all bromine atoms were removed by recombination in the gas phase, Le., 
if w “ 0'50, 

(0-35 X 10-* + ^ [X])’ 

and the rate which would have been obtained if [X] = 0 and no surface removal 
of atoms occurred, would be y = = 836. This is considerably greater 

than the actually recorded value of 330, and hence by determining the slope 
of the argon curve where [A] = 0, a straight line can be drawn, points on which 
give a good approximation to the rates of reaction to be expected if the addition 
of argon produced no effect other than a rise in velocity referable to that 
fraction of bromine atoms removed by the wall. Once the argon line has 
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been established it is an easy matter, on the theoretical basis given previously 
to calculate from the molecular weights and diameters the positions of the 
corresponding lines for helium and hydrogen. The relative effects of argon, 
helium and hydrogen on the rate of HBr formation are therefore estimated 
by considering the increases which would have been obtained if no further 
triple collision processes had occurred on the addition of inert gas, and com- 
paring these with the actually recorded values. Thus, taking the value of 
as 1 -07 for argon, the other calculated values are (xh, — 1 '017, jiHo — 1 '019, 
Retardation factors (ratios of experimentally determined rates to rates calcu- 
lated on the basis of no further triple collision processes) can then be tabulated. 

Table VIII — Retardation Factors 


Prefwure 

mm. 

A 

H, 

He 

0 

lOO 

1*00 

1*00 

100 

0*08 

0*986 

0*976 

200 

0*92 

0*935 

0*94 

300 

0*86 

0*88 

0*906 

400 

0*776 

0*825 

0*866 

600 

0*696 

0*76 

0*796 


In accordance with the above considerations, the most accurate comparisons 
will be obtained at low pressures of added gas, considered in conjunction with 
experimental error. 

The rate of reaction is proportional to the concentration of bromine atoms, 
and the number of bromine quasi-molecules then forming is proportional to 
[Br]® ; and therefore the relative efiects of, say, 300 mm foreign gas, on the 
number of quasi-molecules forming is given by the squares of the corresponding 
retardation factors, i.e., 0 • 72 (A), 0 • 78 {H2), 0 • 82 (He). The relative efficiencies 
of these gases in the triple collision process are then approximately 0*28 ; 
0*22:0-18. 

We can now complete the series of triple collision efficiencies as follows: — 
He < H3 < A < N, < COa 
(0-086) (0-106) (0*135) (0-21) (0-29) 

From the value of k* ji?^ = 0-35 X 10“"®, a value for Brj can be estimated 
as 0-16 ; but in view of the possible error in this value can only be 
interpreted as indicating a very rough order of magnitude. 

The above numbers give the relative triple collision efficiencies when the 
added gas concentrations are expressed in millimetres. Correcting for the 
fact that the number of collisions (for a given pressure) depends on the mass and 
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radius of the molecule or atom, the series becomes, taking the COj value aa 
unity ; — 

Hj < He < A < Na < O3 < CO3 
(0*12) (0*16) (0*62) (0*62) (0*96) (1-00), 

In considering generally the removal of energy in the triple collision process,, 
it seems reasonable to conclude that comparison cannot rightly be made between 
the above series and the series of gas effects associated with quenching of 
fluorescence {e*g., mercury, iodine, nitrogen dioxide), on the basis that the 
latter involves electronic energy, while the former is concerned mainly with 
energy of vibration. The removal of energy in the quenching phenomena 
might thus be expected to be specific in action, with due regard to the amount 
of energy to be removed and the existence of possible resonance levels in the 
quenching molecule. Stern and Volmer* have drawn the conclusion that the 
moife pronounced the electronegative character of the gas, then the gniater the 
efliciency of energy removal. Thus oxygen would have a greater effect than 
nitrogen, as above ; but the definite effect of the inert gas argon in itself 
indicates that the triple (jollision series above cannot be explained satisfactorily 
on this basis. In the same way the number of degrees of freedom of the 
foreign gas molecule gives little idea of the effect to be expected in such a process. 

A similar series of effects does occur in the stablilization of the ozone molecule 
by the triple collision 

0 -4“ O3 -j- M = O3 -"b M. 

Thus Schumacher and Berettaf have shown that the rate of decomposition of 
ozone in red or ultra-violet light is decreased by the addition of other gases as 
above. The series in this work was found to be 

He < At < Na < COj 

Oa. 

(0*5) (1) (6) (10) 

Carbon dioxide and oxygen again have efficiencies which are approximately 
equal, the oxygen molecule being more efficient than the nitrogen molecule, 
a difference perhaps unexpected on general grounds, but also indicated by 
Schumacher and Stieger for the recombination of chlorine atoms. 

Considering the question from the general point of view, the removal of 
energy from the energy-rich complex by collision with another gas molecule 

♦ * Z. Photogr.,* vol 19, p. 275 (1920). 
t ‘ Z. phys. Chetn.,’ B, vol. 17, p. 417 (1932). 



847 


Gob Effects in Photosynthesis of Hydrogen Bromide 

ixugbt be expected to be a process analagous to the collision of a gas molecule 
with a hot wire. It has been established that in this latter reaction the 
temperature of the wire is not, in general, attained by the colliding gas mole- 
cule, the efficiency of the collision in this respect varying with the nature of 
the gas, and being expressed by the “ accommodation coefficient A table 
of such coefficients has recently been given by Dickinsf from measurements 
on the thennal conductivity of the gases concerned by the hot wire method, 
and while the actual values of the coefficients are dependent on the state of 
the metal surface, yet for comparable conditions there seems no reason to 
doubt that the order of efficiency thus obtained is dependent mainly on the 
nature of the gas. The series is as follows, the accommodation coefficients 
being quoted also : — 

Ha < He < A Na < 0, < COa 
(0*36) (0-50) (0*89) (0*89) (0*90) (0*91)’ 

It will be observed that the differences between A, Na, Og and COg are small, 
the efficiency of energy removal being high, but as a whole the series bears a 
decided resemblance to that obtained for the stabilization of the quasi-bromine 
molecule. In particular may be noted the position of hydrogen and the rela- 
tively high values of argon. The series of efficiencies of gases in the triple 
collision process here studied thus corresponds to the accommodation coefficient 
aeries as determined from thermal conductivity measurements. 

The author desires to acknowledge the interest and encouragement afforded 
to him by Dr. E. B. Ludlam and Professor J. Kendall His thanks are also 
due to the Earl of Moray Endowment Fund for the provision of the quartz 
reaction vessel 


Sutmmry 

Investigation has been made of the rates of photochemical formation of 
hydrogen bromide at 200° G in the presence of various foreign '' gases, from 
two points of view (a) the removal of bromine atoms from the gas phase by 
diffusion to the wall of the reaction vessel and (b) the removal of bromine 
atoms by the recombination process involving a third molecule as stabilizer. 

• ry. Knudaen, ‘Ann. Physik,’ vol. 46, p. 641 (1916); Soddy and Berry, ‘Proo. Boy. 
Soc,/ A, voj. 83, p, 284 (1910) ; vol. 84, p. 676 {1911). 

t * Proc. Roy. Soo./ A, vol 143, p. 638 (1934). 
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In (a), addition of foreign gas is accompanied by increase in the rate of 
reaction, the relative accelerations corresponding to those calculated on kinetic, 
theory considerations and being expressed by the series 

Ca 4 > COa > Na > A > Hj and He. 

Oa 

In (b)y addition of foreign gas decreases the rate of reaction by facilitating 
the recombination of bromine atoms. The series representing the efficiencies 
of the triple collision process is given by 

C0,>03>N2>A>He>H2. 

Attention is drawn to the parallelism existing between this series and that 
of the corresponding accommodation coefficients as determined from thermal 
conductivity measurements. 


The Thermal Decomposition of Ozone 

By Mowbray Ritchie (B.Sc., Ph.D.), Department of Chemistry, University 

of Edinburgh 

(Communicated by J, Kendall, F.R.S. — Received May 23, 1934.) 

The thermal decomposition of ozone has been generally regarded aa 
essentially a bimolecular reaction. The exact determination of the nature 
of the mechanism has, however, been attended by the discovery of several 
conflicting influences, the interpretations of which have been matters of no 
small difficulty and interest. It can scarcely be said that the mechanism 
of decomposition has been definitely established. 

General discussion has centred round the calculation of the absolute rate of 
reaction from the experimentally determined energy of activation, from which 
it appears that the velocity coefficient, calculated* in the usual way, is muck 
less than the experimentally determined value when the decomposition is. 
regarded as bimolecular. Thus Riesenfeld and Wassmuth*** inclined to the 
idea of an energy chain reaction, the length of the chains being sufficient to 
explain the discrepancy, while Schumacher and Sprengerf considered that 

* * Z. phys. Chem.,’ B, voL 8, p. 314 (1930). 
t ‘ Z. phys. Cfaem.,’ B, vol. 6, p. 446 (1930), 
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the energy of activation cannot adequately be considered on the two squared 
terms ’’ basis, but that allowance must be made for the possible other degrees 
of freedom of the ozone molecule. This view is regarded as supported by 
recent work of Glissmann and Schumacher.*^ 

Jahnf and Perman and GreavesJ concluded that the rate of decomposition 
varied inversely as the pressure of oxygen present, and Jahn suggested that 
the course of the reaction was not the simple one 

2O3 =:= SOg, 

but consisted of the stages 

Og - 0* + 0 

0 + O3 = 2O2. 

The first stage was assumed rapid and reversible, and the observed rate deter- 
mined by the second reaction. This mechanism, however, was rejected by 
Wulf and Tolman§ on the basis of a calculation showing the number of collisions 
between ozone molecules and oxygen atoms as too small to account for the 
observed rate of reaction. 

In the previous paper on the photochemical formation of hydrogen bromide, 
the effects of foreign gases have been arranged in two series, one corresponding 
to an acceleration of the rate of reaction by virtue of the suppression of a wall 
reaction, and the other to a retarding action attributed to a triple collision 
process. In the thermal decomposition of ozone, a surface action and an 
accelerating influence of inert gases have been reported, while a retarding 
influence of oxygen has been observed in certain circumstancesH ; it therefore 
appeared possible that where no definite effect of oxygen could be observed, 
the explanation was the cancelling of the accelerating and inhibiting influences. 

The thermal decomposition of ozone therefore has here been examined from 
this point of view. The results now to be reported are interpreted as indicating 
that the primary decomposition of ozone is the “ unimolecular ” process 

O3 - 0, + 0. (1) 

In the absence of oxygen, inert gases such as argon, helium, and nitrogen, 

‘ Z. phys. Chem.,’ B, vol. 21, p. 323 (1933). 
t ‘ SitzBer. K. Akad. Wiaa.,’ Berlin, vol. 48, p. 1126 (1901). 
t ‘ Proc. Roy. Soo.,’ A, vol. 80, p. 363 (1908). 

§ * J, Amer. Chein. 80c.,* vol. 49, p. 1660 (1927), 

II Cf, Eioshelwood, 'Kinetics of Chemical Change in Gafioous Systems,* 3rd Ed., p. 80. 
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increase the rate of reaction by preventing the diffusion of the oagrgen atoms 
to the wall and thereby facilitating the reaction 

O + O3-2O2. (2) 

Addition of oxygen at first increases the rate of reaction by the above diffusion 
effect, but this is sxicceeded by a decrease in total reaction velocity by virtue 
of the triple collision 

0 + Oa + O2 - O3 + Oa. (3) 

The addition of other gases to ozonized oxygen mixtures of sufficiently high 
oxygen content produces a similar decrease in rate of decomposition, by the 
reaction 

0 + O2 + M - O3 + M. (4) 

In the presence of large pressures of oxygen, the mechanism is then such as 
to render the total rate of decomposition apparently bimolecular with respect 
to the ozone ; the apparent heat of activation obtained under these conditions 
involves the v(;locity coefficients of the reactions quoted above. 

Exj)€nmenUxl 

The apparatus used has l)een described in detail in the preceding paper. 
The same quartz reaction vessel was employed, experiments being carried 
cut at 90° and 100° C., the increase in pressure due to the decomposition 
being accurately measured by the calibrated telescope-Bourdon gauge system. 
Ten divisions of the eyepiece scale corresponded to 1-7 mm Hg, and since 
readings were accurate to 0-1 division, changes in pressure down to 0-015 mm 
could be recorded. 

Ozone was prepared in a single ozonizer (Berthelot type, employing copper 
sulphate solution) by subjecting dry oxygen to the silent discharge provided 
by an induction coil. In the ozonizer itself the oxygen was kept at atmo* 
spheric pressure, while the liquid air trap in which the ozone was collected was 
evacuated by water filter-pump to approximately 10 mm pressure, the con- 
necting tap thus controlling the rate of flow of oxygen through the ozonizer. 
The vapour pressure of ozone at the temperature of liquid air is very small 
« 0-05 mm) : residual oxygen was removed finally by direct application of 
a Hyvac oil pump. Analysis of ozone samples prepared in such a manner and 
collected in an analysing bulb (200 cc volume) by manipulation similar to 
that involved in the introduction of ozone into the reaction vessel for any 
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themial decomposition experiment, gave concordant Values of 95 -96% purity, 
as estimated by the neutral potassium iodide-thiosulphate method Complete 
decomposition, by a. hot platinum wire, of similar samples gave values of 97% ; 
the ozone as prepared above and as introduced into the reaction vessel con- 
tained, therefore, only a small proportion of oxygen. 

Nitrogen, argon, helium and oxygen were obtained as described in the 
preceding paper. 

Rates of reaction were recorded immediately the ozone had been introduced 
into the reaction vessel. The sensitivity of the glass spring gauge was such as 
to render possible accurate measurement of the rate of reaction in tlie initial 
stages where the amount of oxygen formed by the decomposition remained 
relatively small Correspondingly the rate was measured over a small change 
in ozone concentration. 

Results 

Ozone-nitrogen Mixtures — Table I gives details of experiments showing the 
influence of nitrogen on the rate of decomposition. The initial pressure of 
ozone was calculated on the basis of the analyses already recorded, showing 
that 100 mm gas, as introduced into the reaction vessel, contained 5 mm oxygen. 
The average pressure of ozone was taken as the arithmetic mean of initial and 
final concentrations. The increase in pressure (Ap) is given in divisions of 
the telescope eyepicsse scale for the time t (seconds), while the rate of decom- 
position rexp. is calculated in millimetres ozone decomposing per second over 


the range. Since an 

increase in 

pressure of Ap represents 

a decrease 

in ozone 

pressure 

of 2(Ap), 








y-ex] 

^ X 






Table I- * 

Temperature 

= 90-0'’C 




Initial 

Av. 

Av. 




[Nd 

1,0,1 

lOd 

[Od 

4p 

t 


mm 




divH 

«ecH 


0*0 

19*5 

18-3 

2*7 

6*8 

670 

4*06 

0-0 

19*5 

18*3 

2*8 

6*95 

600 

3*94 

127*0 

20*0 

18*8 

4*8 

7*3 

450 

6-60 

2411 

19*5 

18*1 

8*1 

8*1 

480 

5*76 

43*0 

19*8 

18*6 

3*8 

7-2 

610 

4*80 

05*8 

19*3 

17*7 

4*3 

8*95 

600 

5*07 

0*0 

19*8 

18^7 

2*6 

6-4 

640 

4*03 

285*4 

19*2 

17*7 

8*2 

8*7 

510 

6*80 

88*0 

19*6 

18-2 

6*0 , 

7*4 

510 

6*00 

184*2 

19*6 

l«*.T 

6*6 

7*8 

480 

6*62 

0*0 

19*4 

18*2 

2*8 

7*0 

eoo 

3*90 


* <7/. Mellor, * Inorganic and Theorofcioal Chemiistry,’ vol, 1, p. 904 ; also Rieaenfeld 
and Schwab, * Ber. douia. obetn. Gea./ vol. 55, p. 2088 (1922). 
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where F is the factor (0*17) converting eyepiece divisions to millimetres of 
mercury. The results are given in the order in which they were obtained. 

The nitrogen used in these experiments was found by analysis to contain 
approximately 1-5% oxygon ; this correction has been included in the numbers 
of Table I. The differences in Av. [Og] and Av. [OgJ for the various experi- 
ments are small, and for the present purpose it is sufficient to consider the 
results as applying to the values [Og] =:= 18*0 mrn and [O^] =; 4-0 mm for 
the different concentrations of nitrogen. The results are thus shown graphi- 
cally in fig. 1 ; the increase in rate of decomposition on the addition of nitrogen 
is immediately apparent. 

This increase on the addition of such a foreign gas suggests at once the 
gradual lessening of the wall effect reported by many observers for low pressure 
conditions. The reaction mechanism which is here put forward on the basis 
of the above and subsequent results is founded on the recognition of the oxygen 
atom as the reactive diffusing body ; for the conditions of Table I the scheme 
is represented as follows : — 

1. Og = Og + O 

2. 0 + 0 ^^ 2 O 2 ig 

3. O-JO 2 S 

The coefficient S represents the rate at which oxygen atoms reach the wall 
and are destroyed. The total rate of decomposition then depends on the 
relative effects of reactions 2 and 3 ; obviously the addition of an inert gas 
such as nitrogen will incream; the rate of reaction by preventing the oxygen 
atoms from reaching the wall. On the basis of the above mechanism, then, 


djO) 

dt 


hiOs\-h[O]lO,]-8lO]^0. 


whence 


[0] 


fcilOa] 


(AJOjl + S)- 

The rate of ozone decomposition is thus 


d(0, 

dt 


• ki 


[Oa]^ 


1 4 - 




(^JO,] + S) 


]• 


(a) 


The effect of the surface is hence most appreciable at low pressures 
of ozone ; conversely, if sufficient inert gas be present to render the surface 
effect negbgible, the rate of ozone decomposition is given by 


-dm 

dt 


2k, [0,1 
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If now Do, and Dx are the diffusion coefficients of the oxygen atom with 
respect to ozone and to a foreign gas such as nitrogen respectively (neglecting 
the small amount of oxygen for the present), 

For a binai^ mixture (atom A and foreign gas M) 


/II > 

where the sum of the radii of atom and inert gas, and M is the molecular 
or atomic weight, and hence we can put 


V 


Do. Dn./ 


where V is a constant which will otherwise vary with the shape and material 
of the reaction vessel. For a given temperature, the ratio of rates of ozone 
decomposition with and without added inert gas X is then calculated as 


where 


[ [O3] (P [O3I + Q [X]) + V/&,] [2 fOa] {P [O3I} + Ylk,] 

p — (,2 ( -L. 4. _ 1 _ \ ^ 

^ “-IMo ^ Mo.^ 


Q-^V. 


‘-.Mo ^ Uj 


The nitrogen curve of fig. 1 was constructed on this basis ; the standard 
rate of decomposition when [NJ = 0 was taken from the results of Table I 
as 4 '00 X 10~* mm ozone per second for the conditions [O3] 18'0 mm. 

The following values were employed in the calculations : — 


ao, = 3-6 X lO"* cm, os, == 3-1 X IQ-" cm, oo, = 3-0 X 10“* cm 
Co « 1 '6 X 10-« cm, V/Aj = 30000 X 10-«. 

The rates calculated by formula (6) above are compared in Table II with those 
obtained experimentally. 

The figures of the last column show that experimental rates are well expressed 
by the above expression and, correspondingly, reliance is placed in the value 
obtained for [N,] = » . This rate, as previously pointed out, represents the 


3 N 2 
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Table II — Temperature 


[NJ 

^«xp, ^ 

mm 

mm/eec 

4S() 

4-80 

65*8 

5 07 

88-0 

6*00 

127*0 

6*60 

184*2 

6*62 

241 • 1 

5-76 

285*4 

6*80 


00 


90*0‘’C [Oj,] = 18-Omm 


r«.b,,Xl0» 


mm /sec 


4*64 

1*03 

4*90 

1*03 

611 

0*98 

6*36 

1*03 

6*60 

0*99 

6*78 

I'OO 

6*87 

0*09 

6*52 



rate of ozone decomposition when surface action is negligible, and is related to 


ki by the formula 


The velocity coefficient is thus calculated from these figures as 


6-52 X 
2 X 18*0 


=== 1*81 X 10“^^ sec"^ at 90*^ C. 


Ozofie-argon and Ozone-helium Miodures — The value of V/Xjg having been 
determined as 30,000 X 10“^* in the appropriate units, it is possible to calculate 
on the above basis rates of reaction in the presence of inert gases other than 
nitrogen, from a knowledge of the corresponding molecular weights and 
diameters. Experimentally, rates of decomposition were determined as 
before for ozone-argon and ozone-helium mixtures. In Table III these are 
given and compared with values calculated as above, ^nd orHe being taken, 
for purposes of calculation, as 2 ’86 X lO”*’ and 1*90 X cm respectively. 

The ratios of the final column (foxp.Apaif ) show that experimental rates are 
again in good agreement with those calculated on the basis of the diffusion 
theory. 


Table III — Temperature 




Initial 

Av. 

Av. 

Added ga« 

[Od 

[Od 

[Od 

Argon 

mm 

32*8 

19*0 

17*6 

2*0 

79*3 

19*4 

18*1 

2*0 


161 0 

19*7 

18*4 

1*9 


221*9 

19*2 

17*9 

1*9 

Helium 

0 

19*1 

17*9 

1*8 


69*0 

19*1 

17'8 

1*9 


75*0 

19*3 

18*0 

1*9 


103*6 

10*4 

18*1 

2*0 


196-0 

19*6 

18*4 

1*7 


90'0^c 

[0,1 

=: 18 mm 


Ap 

t 

XlO* 

Xl0» 


div» 

8*0 

800B 

600 

4*63 

4*40 

0*98 

7*7 

640 

4*86 

4*95 

1*02 

7*6 

480 

6*38 

5*40 

1*00 

7*6 

460 

6*66 

6-68 

1*00 

6*86 

670 

4*08 

4*00 

1*02 

7*6 

600 

4 26 

4*31 

0*99 

7*4 

670 

4*42 

4*39 

1*01 

7*7 

600 

4*36 

4*62 

0*96 

6*5 

480 

4*60 

4*86 

0*96 



Mitdv/rea cofituining Ojiygen — Further experiments were carried out in which 
oxygen was introduced as the foreign gas, the temperature and concentration 
of ozone being kept as in the preceding series. Results are given in Table IV, 



Table IV- 

—Temperature 

90 0'’C 

[0*]# 

18 mm 


Av. 

m 

Initial 

[0,J 

Av. 

[O3] 


( 


J ’ a . k . X 10 » 

/^Ontc. 

2-0 

19-1 

17-8 

diva 

8-1 

Bees 

660 

4-17 

4-03 

1-03 

38-5 

19-4 

18-0 

8-2 

060 

4-22 

4-48 

0-94 

60*6 

19-2 

17-8 

8-2 

600 

4-64 

4-63 

1-00 

90*6 

19-1 

17-8 

8-2 

600 

4-64 

4-60 

1-01 

104-3 

19-6 

18-2 

8-1 

630 

4-87 

4-47 

0*98 

2vl 

19-3 

17-9 

8-2 

690 

4-04 

4-03 

l-OO 

203-8 • 

19-4 

17-9 

8-8 

960 

3-12 

3-21 

0*97 

250-1 

19-4 

18-1 

8-05 

1020 

2-68 

2-70 

1-00 

309-7 

19-4 

18-1 

7-8 

1200 

2-21 

2-10 

1-06 

373-5 

10-0 

17-7 

7-9 

1560 

1-72 

1-62 

1-06 



Fio. 1 


The average ozone concentrations being in each experiment approximately 
18 mm as before, the results are also shown graphically in fig, 1. Addition of 
oxygen at first increases the rate of ozone decomposition by reason of the 
diffusion effect, but this is rapidly succeeded by a decrease in the rate of re- 
action, 360 mm oxygon reducing the rate to approximately half its original 
value. Before discussing these effects, it is of advantage to give another set 
of experimental results, Table V, when the rate of reaction was recorded for 
[O^] === 18 mm, as before, wliile the initial concentration of oxygen was approxi- 
mately 100 mm, and nitrogen or argon were added to various pressures. 
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Table V — ^Temperature = 90-0® C 


Added gas 

Av. 

[Od 

Initial 

[0,1 

Av. 

[Od 

Ap 

i 

xlO* 

xlO* 


mm 

Argon 50 * 1 

109*8 

19*3 

17*8 

divB 

8*6 

Bec« 

760 

3*90 

4*14 

0*96 

S3'6 

1031 

19-7 

18*3 

8*1 

600 

4*00 

4*03 

0*00 

laoj 

103*3 

19*2 

17*9 

7*5 

660 

3*86 

3*74 

1*03 

154-7 

103*3 

19*6 

18*2 

8*2 

780 

3*58 

3*58 

1*00 

200*2 

102*4 

10*4 

18*0 

8*0 

840 

3*41 

3*36 

1*01 

Kitrogen 0 

2*0 

]9*8 

18*4 

8*0 

690 

3-94 

4*00 

0-00 

80*4 

103*3 

10*4 

18*0 

8-5 

780 

3*70 

3*76 

0*08 

130*6 

102*5 

19*5 

18*1 

8*2 

840 

3*32 

3*31 

1*00 

180*0 

102*8 

19-4 

18*2 

6*95 

780 

3*03 

2*95 

1*03 

244-1 

102*6 

20*0 

18*5 

9*0 

1320 

2*32 

2*56 

0*91 

0 

1*8 

19*2 

18*0 

7*1 

600 

4*03 

4*00 

1*01 


From the results of Table V, it is evident that the addition of “ inert ’’ 
gas to the oxygen ozone mixtures, more particularly when the “ inert ” gas 
is nitrogen, decreases the rate of ozone decomposition, in contradistinction to 
the increase in reaction velocity observed when no oxygen was present ; the 
diffusion effect due to nitrogen must occur as before, but, under the conditions, 
is small and overshadowed by some reaction in which both oxygen and nitrogen 
are involved. This reaction is then most probably a triple collision involving 
the nitrogen molecule, the oxygen molecule and the oxygen atom, reformed 
ozone being stabilized by the triple collision, 


0 + Oj + M O 3 + M. 


Thus the retardation by oxygen alone is represented by 

0 + O 2 + O 2 “ ^8 H“ 

where oxygen molecules themselves play the part of the third colliding body* 
On this basis we formulate the reaction mechanism as follows : — 


Os — O2 + 0 ki 

0 + Oa == 20^ 

0->|02 S 

0 Oa O2 = Oa O2 Jc^ 

0 + 0, + M Oa + M 


The rate of ozone decomposition is then obtained as before as 

it (i, tO,J + i, (O J* + i, CO J (Ml + S) ' ' 

In this expression. S represents the rate at which oxygen atoms are removed 
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from the gas phase by wall action and can therefore be replaced as in the theory 
given previously by 

V([ 03 ]P + [0,]Q + tX]R)-'S 

where 



The value of Ylk^ at 90'^ C has already been determined as 30,000 x 10”*^® 
in the appropriate units. For oxygen-ozone mixtures, the ratios of rates 
with and without added oxygen are then given by 


[0.1 (P to.l + Q |0,1) + v;t.l f [O.J )P |0.1) + VM 

ffiOal + [0 {P [0.] + Q [0,1) + V/y [2 [0,] {P [0.]) + V/t.| 


The values of /‘(-aic, in Table I V have been obtained by means of this expression 
by taking as standard the rate of 4*00 X 10“* mm ozone per second for 
[O3] “18*0 mm, with oo- o, === 2-56 x lO***** cm, = 2*25 x 10”^ cm, and 
==: 4-5 X Again the ratios of the final column of Table IV show 

that the experimental rates are well reproduced by the above expression. 

For oxygcn-argon-ozone and oxygen-nitrogen-ozonc mixtures, the ratios of 
rates with and without added oxygen and nitrogen or argon are given by 


. [2 [O 3 J (P [0.] + Q 10,] + R [X]} + VIk,] [ [OJ {P [0,]} + V/A:,J 

[{[0,] + |a ^ [X] [0,]} {P [0,] + Q [(),] + [X] [R]} + V/iJ , 

X [2[0,]{P[0,]} + V/«;J 


where X refers to nitrogen or argon. The values of r^ajc. in Table V have 
been obtained by taking k^jk^ = 6*4 X 10""® for argon, and kjk^ — 10*2 X 
10'® for nitrogen, in conjunction with the previously determined values of 
kjk^ and V/Aij* Again satisfactory agreement is to be observed between 
experimental and calculated values, Table V. 


Velodiy Coeffide^its and Energies of Activation 

Examination of formula (c) above indicates that in the presence of large 
pressures of oxygen, when S will be small, the total rate of decomposition will 
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be approximately proportional to the square of the ozone concentration, since 
under these circumstances the denominator remains approximately constant. 
The reaction under these conditions will appear bimolec\ilar, as has been 
observed by many workers. The apparent heats of activation obtained from 
experiments in which mixtures of ozone and oxygen were used will in general 
depend on the relative concentrations of ozone and oxygen as well as on the 
velocity coefficients k^y k^ and ^3. 

From Tables I and II, comprising the results for ozone-nitrogen mixtures, 
the value of k^ has been found to be 1*81 X 10" ** 8ec"“^ at 90-0° C. Corre- 
sponding series of experiments were carried out with ozone-nitrogen mixtures 
at 80 C and 100-0® C with a view to obtaining by similar calculation the 
variation of for such a change in temperature, and from this the true energy 
of activation in this reaction. Results are given in Tables VI and VII. 


Table VI — Temperature = 100-0® C 


N« 

Initial 

[0.] 

Av. 

[0,] 

Av. 

[Oal 

Ap 

i 

X 10» 

^ 10* 


mm 

mm 

mm 

min 

diva 

secs 




0 

19*4 

18*1 

1*9 

7*1 

800 

8*05 

7*8 

1*03 

78-5 

19*5 

18-3 

3*2 

0*9 

240 

9*76 

9*8 

0*99 

125 0 

19*6 

18*1 

60 

8*0 

270 

10*1 

10*46 

0*97 

1750 

19*7 

18*2 

5*2 

8-7 

270 

no 

10*9 

1*01 

237 0 

19*3 

18*0 

6*8 

7-6 

240 

10-9 

11*2 

0-97 

202*3 

19-0 

17*0 

7*0 

8*0 

240 

11*3 

11-5 

0*98 

0*0 

19*5 

18*2 

2*1 

7-0 

330 

7*8 

7*8 

1*00 

00 


180 





13*0 




Table 

VII-^ 

Temperature = 

80-0® C 



0 

10*2 

17*9 

1*9 

7*6 

1440 

1*79 

1*80 

1*00 

70-0 

19*3 

18-0 

3*0 

7*6 

1140 

2*27 

2*23 

1-02 

113*4 

19*7 

18*4 

4*0 

7-4 

1080 

2*33 

2*87 

0*98 

198*0 

19*8 

18*6 

5-8 

7 25 

900 

2*56 

2*54 

1*01 

201*9 

19*8 

18*5 

5*2 

7*4 

990 

2-54 

2-63 

0*97 

839*0 

190 

18*4 

7*8 

7*35 

930 

2*07 

2-68 

1-CO 

0*0 

19*3 

18*0 

2*0 

7*7 

1440 

i-82 

1*80 

1*01 

oo 


18*0 





3-00 



Again addition of inert gas raises the rate of reaction, 300 mm nitrogen increasing 
the rate by the factor 1-45 as at 90® C. The calculated rates of Tables VI 
and VII have been obtained by means of formula (6), the value of V jk^ being 
taken as 30,000 X 10“^* as before. This term Yjk^ must vary with tempera- 
ture, but experimental results are satisfactorily represented by the constant 
value ; both V and k^ apparently increase with rise in temperature in such 
a way as to render the quotient practically independent of the temperature 
over the range concerned. The standard rates (IT3 ^ 0) were 7 * 86 X 10“"* mm 
per second at 100-0® C and 1 -80 X 10""^ mm per second at 80*0® C, 
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Calculating the appropriate value of from r* at each temperature, we 
can summarize the numbers obtained as follows; — 

Temperature "" C (sec’^) 

80-0 0-835 x 10*"^ 

90-0 1-81x10-* 

100-0 .. 3-61 X 10~* 

The energy of activation calculated in the usual way is found to be 19,600 cals, 
from results at 80° and 90° C, 18,600 from results at 90° and 100° C, and 19,000 
from the results at 80° and 100° C. The value thus taken as representing 
the energy of activation of reaction 1 

03=03 + 0, 

is 19,000 calories, from results at [O3] = 18 mm. 

It has already been pointed ojit that the energy of activation calculated in 
the usual way for oxygen-ozone mixtures will vary with the couiposition of 
the mixtures. Clement’*' used ozonized oxygen in vessels where the surface 
factor would be small by reason of the temperatures employed (150-200° C), 
the apparent value of E being 26,000 calories. Wulf and Tolmanf found for 
ozonized oxygen of 2% ozone E = 29,600, Belton, Griffith and McKeownt give 
E = 27,800 for roughly 10% ozone-oxygen mixtures. The values obtained by 
Glissmann and Schumacher (E > 23,000) are considered later. 

Details of three experiments on approximately 10% mixtures at 100° C 
are now given in Table VlII, these having been carried out in the manner 
already described. 

Table VlII — Temperature === 100-0° C 


Av. [0,] 

Initial 

[Oa] 

Av. 

[0,] 

Ap 

e 

X 10» 

X 10* 


mm 

200-2 

19*7 

18-3 

divB 

7-7 

iBet« 

360 

7-3 

7-4 

0-97 

23M 

19-9 

18-6 

7-9 

390 

6-9 

6-8 

1-02 

226-0 

19-6 

18-1 

7*8 

390 

6-8 

6-86 

0*99 

400*0 


18-0 




3-64 



The values of reaic. were obtained by formula (d) by inserting the appropriate 
conoentrationsofoxygen with ij3/ifc2 = 3*2 X 10-*, and V/ij = 30,000 x 10"^^ 
Hatios of total decomposition rates at oxygen concentrations of 0, 200, and 

• ‘ Ann. Physik/ vol. 14, p. 341 (1904). 
t * J- Amer. Chem. Soo./ vol. 49, p. 1210 (1927). 
t ‘ j. Ohem. Soo.,’ p. 3163 (1926). 
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400 mm may then be examined for the two temperatures 100*0 and 90*0° 0 
(r/. % 1 ). 


10 ,] 

rxl0» 

Table IX 

rxlO* 


E' 

mm 

0 

4*00 

100° C 

7-9 

1 96 

18100 

200 

3-30 

7-4 

2-24 

28000 

400 

1-45 

304 

2-61 

28000 


E' is the apparent heat of activation calculated from these figures ; it will be 
observed to increase as the percentage oxygen increases, becoming 25,000 for 
an ozone-oxygen mixture of approximately 6 % ozone. It appears probable 
therefore that the high values obtained by the workers cited above are to be 
explained at least partly on this basis. 

The results of Tables IV and VIII indicate that has the value 4 • 5 x 10 "* 
at 90-0° C, and the value 3-2 X 10 ^* at 100° C. Thus (k^^^lk^^^)l(k^^lkj^^) = 
1 ’4. Replacing in both instances {k^^/k^) by e~i^/5«x378yg-*K/2x86a calculate 
E 2 — Eg as equal to 9000 cals. This figure may be checked by considering 
the collision efficiencies of reactions 2 and 3 (e'g and e\ respectively) in con- 
junction with the ratio R' of total binary collisions to total ternary collisions 
at, say, 100 mm pressure of ozone and of oxygen. Since kjk 2 4-5 X lO"*^ 
at 90° C, 

2*2 X 10 X 

By taking e/ reactions as before, with E 2 Eg = 9000 cals> 

R' is calculated as approximately 5 X 10*, a figure in good agreement with 
the accepted value for the pressures under consideration. 

For very dilute ozone-oxygen mixtures, i.c., when the pressure of oxygen 
is very high and surface effects correspondingly negligible, the rate of reaction 
will be proportional to kikjk^ (c/. formula (c) ), and the apparent heat of activa- 
tion would then be Ej + Eg — Eg ; on the basis of the above results the 
maximum apparent heat of activation which could be observed would be in 
the neighbourhood of 19000 + 9000 == 28000 calories. 

At 90° C, the maximum rate of decomposition obtained with [Og] — 18 * 0 mm 
is 6-52 X 10"* mm Og per second (= 2 ifci[ 03 ]), no oxygen atoms being then 
removed by wall action. On the other hand, if all oxygen atoms were removed 
at the wall, the rate would be half this value, namely, 3*26 X 10“* mm per 
second. For [O 3 ] := 18*0 mm, no inert gas being present, the actual recorded 
rate was 4*00 x 10 ”* ; in other words the ratio of oxygen atoms removed by 
collision with ozone molecules to those removed by the wall in the particular 
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reaction vessel is = 0*294. 

6»62 -4*00 


If now at any instant during the 


decomposition atoms of oxygen are produced per cc per sec by reaction (1) 
these Nj atoms make tto^o , Vwi® + collisions with ozone molecules 
where is the number of ozone molecules per cc and represents the mean 
square velocity as calculated in the usual way. If E2 bo the energy of activa- 
tion of reaction (2) 

0 + O3 - 2O2, 


the fraction of impacts which are effective is and the number of effective 

collisions per sec per cc is na^o . Vt^x^ + . e For [O3] = 18*0 

mm, under the experimental conditions the number of atoms removed by such 
a process is 0*294 Nx and therefore 

0*294 Ni = Tca^o.o.Njng V«x^ + ^ -k, kt 


The value of Eg is then calculated as 14200 cals. Now E2 — E3 has been 
found experimentally to be 9100 calories, and hence the energy of activation 
Eg of the triple collision 

0 + Og + Og — O3 + Og, 


is approximately 6000 calories. This small value is in accordance with general 
considerations regarding the rates of reaction when three bodies are involved, 
in the sense that an appropriate ternary collision is an event of comparative 
rarity. At the temperature of the above experiments, for the above triple 
collision, the value of is 1*03 X 10”^, i.c., roughly 1 collision in 1000 is 

efficient. 


The Initial Stage 

We may now proceed with a further discussion of the initial step in the 
scheme for the decomposition of ozone, namely, 

O3 =:= Og + 0 . 


On the basis of the kinetics developed above, this reaction is ‘‘ unimolecular,” 
i.e., the rate of decomposition in this equation would be directly proportional 
to the number of molecules of ozone. In recent years, considerable attention 
has been directed to the probable mechanism of such a process, and in particular 
Lindemann* has shown that molecules may receive their energy of activation 

* ‘ Trans. Faraday Soc.,’ voL 17, p, 698 (1922). 
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by collision with other molecules, but nevertheless may be transformed chemi- 
cally at a rate independent of the pressure over a very large range. 

A knowledge of tlu^ energy of activation E as obtained experimentally 
should give a calculated velocity constant much greater than the value recorded 
in the region where the reaction follows the unimolecular law ; but this calcu- 
lation leads to the result that unimolecular reactions in general proceed at a 
rate many times greater than the expression requires. It then appears 

that unimolecular reactions are characteristic of complex molecules possessing 
a necessary number of internal degrees of freedom. The decomposition of 
oxone, if unimolecular, should be of considerable interest in view of the com- 
paratively simple nature of the molecule. The correction for the number of 
internal degrees of freedom would presumably be small, and hence the rate 
calculated on the ordinary basis might still be greater than that experi- 
mentally determined. At the same time, it is to be remembered that the 
existence of the unimolecular reaction depends on the time lag between 
activation and chemical transformation, and this time lag can reasonably 
be assumed to be connected with the complexity of the molecule ; on this 
view, the less the complexity the more quickly would the unimolecular reaction 
tend to become bimolecular on reducing the pressure. 

A series of experiments was therefore carried out with varying pressures of 
ozdne. The removal of oxygen atoms by the surface of the reaction vessel 
was rendered small by the addition of a suitable quantity of nitrogen ; under 
these circumstances the rate of the initial reaction is approximately half the 
experimentally recorded rate. The results are given in Table X, values of 

being calculated by means of the general expression previously derived : 


-di0.) _ t,[0.](at.[0J + 8) 


Table X — Temperature = QO-O® C 


vik. 

= 30,000 X 10- 

kjk 

11 

X 10-*. 

kjk^ 

= 10-2 X 10-*. 

Expori- 

mant 

Initial 

[O,] 

Av. 

[<>»] 

Av. 

[ 0 ,] 

[NJ 

Jp 

t 

X 10* 

jti xio* 


mm 

mm 

mm 

mm 

divs 

secs 

mm/«ec 

(g©c)"^ 

1 

10 & 

7*9 

6*9 

294*0 

6*4 

1800 

1*21 

M 9 

2 

19*2 

17*7 

8*2 

285*4 

8*7 

510 

5*80 

2*02 

3 

31-8 

28*4 

9*6 

270-6 

17*3 

480 

12*2 

2*52 

4 

mo 

45*6 

14*6 

184*6 

16*8 

240 

23-8 

2*92 

5 

681 

58*8 

17*7 

246 1 

26*0 

240 

35*4 

3*37 

« 

80'2 

70*2 

19*5 

239*7 

80*9 

240 

43*7 

8*56 

7 

96-4 

84*4 

23*0 

174*0 

80*2 

180 

56-8 

3*66 

S 

104*1 

89*6 

26*9 

197*0 

32-6 

180 

61*3 

3*76 
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It will be observed that a five-fold variation in [O3] (from 18 to 90 mm) corre- 
sponds to an approximately ten-fold variation in the rate of the initial reaction ; 
if this reaction were strictly bimolecular, the rate would, of course, have 
increased 25 times. At the same time the adoption of a bimolecular mechaniam 
for the initial stage would mean, on the basis of the results already reported, 
that in oxygen-rich mixtures the total rate of decomposition would be pro- 
portional to [O3J", where n > 2 ; experiment gives little or no evidence in 
support of this point of view. 

Of considerable interest in this connection are the results of Bowen, Moelwyn- 
Hughes, and Hinshelwood* on the decomposition of oxone in carbon tetra- 
chloride solution. The decomposition is found to be strictly unimolecular, 
as would be expected from the above general ideas — oxygen content small 
and surface effect negligible. The rate of decomposition is given by the relation 

A: 5‘82 X 10^*^ X sec' \ 

which becomes 5*2 X 10“^ sec”^ at 80® C. This figure corresponds to the 
total rate 2 jfcj in the preceding mechanism ; hence half this value will represent 
the rate of the initial stage, namely, 2*6 x 10 ’^ sec^^ and is to be compared 
with the valuer of the gas phase experiments. In Table X the values of ki 
range from 2 X to 4 X 10 ^ sec"“^ at 90® C ; at 80® C, ki will be approxi- 
mately half these values. It can easily be shown from the above figures that the 
reciprocal of varies linearly with the reciprocal of [O3] ; extrapolation gives 
a value of approximately 2 * 3 X 10^ for infinite pressure. The agreement 
between the two sets of experimental results thus affords strong support to 
the recognition of the first step in the thermal decomposition of ozone at 
ordinary pressurcjs as predominantly unimolecular. 

It may be mentioned that the ozone employed in experiments 7 and 8 of 
Table X was heated, before use in these experiments, in a large glass bulb at 
100® C until approximately one-third had been decomposed. The residual 
ozone was condensed out by means of liquid air, oxygen removed by evacuation, 
and experiments 7 and 8 then carried out. The object of this procedure was 
to destroy any “ impurities ” which might increase the rate of reaction ; the 
substance O 4 for example, might conceivably have been formed initially in 
the ozonizer and might be responsible for the higher values of obtained. 
The results of experiments 7 and 8 are, however, in reasonable agreement 
with the rates to be expected from examination of the general results of 
Table X. 

♦ ‘ Proo. Roy. Soo.,’ A, vol. 134, p, 211 (1931-2). 
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It is possible also that this relative increase on the further addition of opsone 
is due to a chain reaction of short duration, this being perhaps formulated as 
follows : — 

O3 — 0^ Cl 
0 + 03-20*2 

0*2 + O3 - 0 + O2 + Oj. 

One might expect, however, that at low pressures of ozone and high pressures 
of nitrogen, this effect would be small, the nitrogen presumably acting as a 
deactivator of the 0*2 molecules ; at low pressures, however, the discrepancy 
does not disappear but appears to be accentuated (c/. Experiment 1, Table X). 

Glissmann and Schumacherf have carried out an extensive series of experi- 
ments on the thermal decomposition of ozone with and without the addition 
of oxygen and other gases. The general results show a decided similarity 
to the results reported in this paper ; surface action is recognized, which 
becomes relatively less as the total pressure becomes greater, together with the 
acceleration of the rate of reaction by inert gases such as carbon dioxide, 
nitrogen, and argon when little oxygen is present, the acceleration by oxygen 
when the oxygen concentration is not too high, and the increase in the apparent 
heat of activation as the oxygen content increases. In the reaction mechanism 
advanced by these workers, however, the initial step is regarded as strictly 
bimolecular, and the oxygen atom is not regarded as playing a dominant part 
in the total rate of decomposition. It is admitted by Glissmann and Schu- 
macher that the increased rate of reaction in ozone-inert gas mixtures is not 
definitely accounted for. 

The value of the energy of activation adopted by Glissmann and Schumacher 
for ozone containing little oxygen is larger (24600) than that obtained by the 
writer (19000). This latter value was obtained for a relatively low pressure 
of [O3], namely, 18 mm, while the experiments of Glissmann and Schumacher 
were carried out at higher pressures. The temperature ranges considered are 
the same. Examination of their results and comparison with the result for 
18 mm obtained by the writer indicates that the higher the pressure of ozone, 
the higher the calculated heat of activation. Glissmann and Schumacher 
give a mean value of approximately 24000 cals, for the range 25-100 mm O3, 
but values of 27300, 29700, 26100, and 27000 calories are recorded for pressures 
of 144, 172, 284 and 376 mm respectively. This increase might be explained 

t ‘ 2. phys. Chem..* B, vol. 21 , p. 328 (1033). 
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by refereaoe to the possible chain reaction involving activated oxygen mole- 
cules as already mentioned ; if this be so, the value of 19000 calories would be 
nearer to the correct value for the initial reaction. On the other hand, a 
decrease in apparent energy of activation as calculated in the ordinary way, has 
been recorded in reactions which are definitely regarded as of the unimolecular 
type, in that region where the decomposition is showing definite bimolecular 
characteristics.* Comparison may also be made by reason of the fact that the 
reciprocal of Ajj bears here a linear relationship to the reciprocal of the pressure. 
The value of 19000 calories obtained by the writer for ozone at 18 mm pressure 
is less than the usually recognized figure for the heat of the (endothermic) 
reaction, namely, 24000 calories ; under such conditions the simple expression 

^ ia not strictly applicable. A more reasonable value of the 


di 




energy of activation would be the value recordtsd by Glissmann and Schumacher 
for tlie higher pressures of ozone (28000 cals.) or that obtained for the decom- 
position of ozone in carbon tetrachloride solution, where the reaction is strictly 
unimolecular ; according to Bowen, Moelwyn-Hughes, and Hinshelwood 
(foe. ciL), this is 26160 calories. The rate of decomposition then calculattrd 
in the ordinary way from this latter figure is approximately 4 x 10“"^ sec^ ^ at 
90° and is thus one-tenth the experimental value ; the adoption of Glissmann 
and Schumacher's heat of activation increases the divergence ; the difference 
between calculated and experimental values is then to be ascribed to the part 
played by the internal energy of the ozone molecule. 


The author desires to acknowledge the interest and encouragement afforded 
to him by Dr. E. B. Ludlam and Professor James Kendall. His thanks are 
also due to the Earl of Moray Endowment Fund for the quartz reaction vessel 
used. 


Sunmmry and Condusims 

The thermal decomposition of ozone has been investigated manometrically 
for the temperature range 80-100° C, the pressure of ozone being varied from 
10 to 100 mm. The initial stage is recognized as the pseudo-unimolecular 
reaction 

03 = 0g + 0, (1) 

• Cy. Linhorst and lodges, “ Decomposition of NjOj ” {* J. Amer. Chem, Soo.,’ vol. 56, 
pp, 840-641 (1984) ) ; also decomposition of azomethane, </. Kassel “ Kinetics of Homo- 
geneous Reactions 1032, p. 193. 
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the oxygen awm thus formed leading to further oiione decomposition by the 
reaction 

O + O3-2O2. (2) 

In the absence of appreciable amounts of oxygen, addition of inert gases 
increases the rate of total decomposition by preventing the diffusion of oxygen 
atoms to the wall. In the presence of oxygen, due allowance having been made 
for the diffusion effect, the rate of decomposition is retarded by the triple 
collision effect 

0 + 0, + M Oa + M, . (3) 

where M may be a molecule of oxygen or of other added gas. The apparent 
heat of activation depends then on the relative concentrations and the velocity 
coefScients of reactions (1), (2) and (3). 

At the higher pressures of ozone employed, reaction 1 is regarded as pre- 
dominantly unimoleoular : is approximately 4 X 10^^ sec“^ at 90® C and 

agrees satisfactorily with the value of Jfcj, obtained by other workers, for the 
decomposition of ozone in carbon tetrachloride solution. At the lower pres* 
sures, bimolecular characteristics become increasingly evident. 

The heat of activation of reaction 1, calculated in the usual way, is 19000 
calories, from results at 18 mm pressure of ozone ; comparison with results 
of other workers indicates that this activation energy when calculated in the 
\isual way depends on the pressure of ozone in this transition region. 

The energy of activation of reaction 2 is estimated as 14000 calories and 
that of the triple collision 

0 + Oa + O3 Oa + Oa, 

as 5000 calories. 
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The Physical Basis of the Biological Effects of High Voltage Radiations 

By W. V. Mayneorb, D.Sc., F.Inst.P. 

(Communicated by H. Hartridge, F.R.S. Received May 26, 1934) 

Although both the physical properties of penetrating X-rays and gamma 
rays and their biologicjal effects have been carefully studied, the mecshamsm of 
the action of the rays is little known. The question of the relative effects 
of the same absorbed energy per cubic centimetre of tissues wheri different 
wave-lengths are used is a particularly important and obscure one. The present 
paper is an attempt to apply recent theories of high-speed electron production 
to this problem. 

Radiations, such as high voltage X-rays or gamma rays, on suffering real 
absorption give rise to high speed negative electrons, either in pliotoelectric 
absorption whereby nearly the whole of the quantum is transferred to the 
electron, or in a Compton recoil process in which only part of th<! energy is 
transferred. The mean fraction given to the electrons rises gradually as the 
radiations become more penetrating. The relative importance of these two 
types of process varies in a complex manner with the wave-length and absorb- 
ing materials, but in this paper it is proposed to confine discussion to tlie 
absorption of “ hard ” radiations in light elements, of which living jnaterials 
are mostly constructed. 

It will be remembered that the photoelectric absorption coefficdeut (t) 
is proportional approximately to the cube of the wave-length while the real 
energy absorption coefficient ((t^) associated with recoil varies in a complex 
way with wave-length, reaching a flat maximum at about 0-024 A. It may 
be shown that for wave-lengths below about 0*1 A the recoil process pre- 
ponderates, while for wave-lengths greater than 0 • 3 A the photoelectric effect 
is much the more important absorption type. It is proposed to attempt the 
discussion of the effects of high voltage radiations in terms of these high-speed 
electrons emitted from the material. The theory is intimately connected with 
previous ideas put forward by Dessauer* in 1922, and developed by Blau 
and Altenburger,t and known as the ** point-heat theory,” it is found that 
the total energy absorption of a high voltage radiation which is required to 
cause profound biological effects is such as only to cause a very small xm of 

• ‘ Z. Physik/ vol, 12, p, 38 (1922-23)* 
t vol, 12, p. 316 (1922-23). 

YOL. OXLVI*— A. 3 O 
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temperature of the material as a whole, and it is therefore assum<^d that the 
energy is localized in very Binall volumes scattered throughout the irradiated 
mass, a view evidently consistent with the quantum structure of radiation. 
Blau and Altenbiirger developed very considerably the mathematical aspects 
of the theory, calculating on probability grounds the number of “hits'’ of 
cells with varying dosage, and giving survival curves corresponding to con- 
ditions under which one, two, three, or larger numbers of quantum impacts 
on a cell were required to cause the death of the unit. Crowther,* * * § employing 
similar ideas in terms of the ions produced, showed that this quantum theory 
of action of X-rays was capable of interpreting the results of Strangeways and 
Oakley on tissue cultures, and later Crowtherf performed much theoretical and 
exp<^riinental work on a protozoon, Colpidiurn colpoda, with the same^object. 
Other workers on the subject, such as Condon and TerrilbJ Holweck and Lacas- 
8agne,§ have further exemplified the importance of the ideas. A fundamental 
question remains, namely, as to whether the important quantity determining 
the biological effect is the number of quantum impacts, or the number of 
electronic impacts, or total absorbed energy. Thus Crowthor deduces from 
Strangeways’ and Oakley’s results that the “ sensitive volume ” requiring to 
be hit before the cell is prevented from going into mitosis has a diameter of 
approximately 4 x 10'^^ cm, the assumption being implied in the calculation 
that each pair of secondary ions canses the observed biological change in one 
cell. On the other hand, Condon and Terrill assume, while analysing certain 
biological tiffects observed by Packard, that a whole quantum of radiation is 
required to produce the effect. Both possibilities are envisaged by Crowtherf 
in a later paper. Glocker,!! in more recent work, has shown the importance of 
electron rangci in this connection and has performed detailed calculations on 
the subject. 

The decision as to the con*cct assumption seems, then, to depend on the speed 
of the electrons produced by radiation in the material considered. If we 
irradiate a mass of cells with a radiation of long wave-length, say, 0-7 A, then 
the range of the photoelectrons in a material composed of light elements and 
of density one is of the order of 0-01 mm, and one photoelectron will affect 
only one or two cells of normal dimensions. The products of absorption of a 

* ‘ Proc. Boy. Soc.,’ B, vol. 96, p. 207 (1924). 

t voL 100, p. 390 (1926). 

t ' J. Cancer Res.,’ voL il, p. 324 (1927). 

§ * Cong. int. Blecti*ioit6,’ Rep. 15, Paris (1932). 

11 ‘ Z. Physik.’ vol 77, p. 053 (1932). 
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quantum are therefore confined to one or two cells only and the energy absorp- 
tion per unit volume is very high near the point of impact. If, on the other 
hand, we irradiate with hard gamma rays from liaC, then the range of the recoil 
electrons will be some 4 mm, and the energy absorbed is now spread over some 
hundreds of cells. That is, one absorbed quantum now affects a large number 
of cells whereas previously only one or two were “ hit,*’ if by a “ hit ” we mean 
an electron passage. Of course the gamma ray quantum is a much larger 
total energy, but we may easily 8(3e, since the range of a high-speed electron 
is proportional to the square of its energy, that even for a given total energy 
absorption the gamma ray electrons will pass through a much larger number 
of cells. The energy left beliind per electron passage will, however, be cor- 
respondingly smaller and may not he. sufficient to cause the biological effect 
contemplated, and, therefore, the number of passages may have to bo greater 
for the higher speed electrons, the two effects partially cancelling out. These 
problems are considered in greater detail below. 


Physiml Pluinome/m 

It may be convenient to recapitulate some of the main points concerning 
the absorption processes in light elements such as carbon, oxygen, and nitrogen. 
If short wave-length radiation falls on a light element it may be absorbed in 
three ways : (a) photoelecjtrically, (6) by the production of recoil electrons, 
and (c) by the recently discovered interaction with the nucleus with the pro- 
duction of positive electrons. We may neglect the last method for the present 
purposes as it appears to apply only to very short wave-lengths and is probably 
of relatively little importance for light elements. We will commence with the 
consideration of photoelectric plienomena. 

Let 

X K=: wave-length of the radiation. 
n — frequency. 
h — Planck’s constant. 
m — mass of the electron. 
e == charge on the electron. 

On absorption of a quantum, a photoelectron is emitted with a velocity v 
pven by (omitting the relativity corrections) 

Am — W— Jmv*, (1) 


3 o 2 
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wbeTe W represents tie wotk done in retuoving tie olBctroti froui its p&TBUt 
atom. For hard rajs and light elements such as C, 0^* W is small compared 
with the energy of the incident quantum. This is easily seen from the values 
of the energy levels of the K electrons or the wave-lengths of the Ka X-ray 
lines (carbon 45 A, oxygen 23 • 8 A, nitrogen 31 • 8 A). Since only wave-lengths 
shorter than about 0-4 A are being considered, W may therefore be neglected 
and the energy of the photoelectrons set approximately equal to that of the 
quantum. The speed of the photoelectrons, therefore, increases rapidly with 
frequency of incident radiation, while the range increases still more sharply. 

Range of Photoelectrons 

The theory of the passage of high-speed electrons through matter is very 
complex, but both experiment* and theoryf it suggest that over a wide range of 
speed the total distance traversed is roughly proportional to the square of 
its initial energy, or the fourth power of its velocity. The number of pairs of 
ions formed in traversing gases is roughly inversely proportional to the square 
of the speed* if the energy of the electron is far above the ionixation potential 
of the material traversed. For very liigh speeds Hp > 3000, this specific 
ionization appears to approach a limiting value.§ More recent wave mechanical 
investigations predict both of these results. The experimental work on the 
subject shows a rather slower rise of range with speed, and we have therefore 
used the experimental data of Varder,|l and Schonland^l as a basis of this 
investigation. It appears both experimentally and theoretically that the 
range in gm/cm^ is nearly independent of the material, and we have therefore 
used the data for aluminium as applicable to tissues. The ranges are given 
in Table L 

(.^olumn 1 gives the product Hp for the electrons, H being the strength of 
tlie magnetic field required to bend an electron moving perpendicular to it 
into a path of radius p. Hp is a measure of the momentum of the particles. 
Column 2 gives the wave-lengths of the radiations which would produce 
photoelectrons with Hp given in column 1. These values ore graphically 
interpolated from values given in tables of electronic constants. Column 3 

* Wilson, ‘ Proe. Roy. Soc,,’ A, vol. 86, p, 240 (1911), 

t Thomson, ‘ Phil. Mag.,* vol. 23, p. 429 (1912). 

X Bethe, ‘ Ann. Physik,’ vol, 5, p. 325 (1930), 

§ Rutherford. Chadwick, and Ellis, “ Radiations from Radioactive SubstanceB.’* p. 428. 

II ^ Flul. Mag.,’ vol. 29. p. 726 (1916), 

^ ‘ Proc. Roy. Soc.,* A, vol, 108. p. 187 (1926). 
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gived the ranges Bq in Him for the various photoeJectrous, while column 4 
gives the ranges in cells assuming the latter to be 6 fx in diameter. These 
numbers, however, give the cells afiected per absorbed quantum ; that is, for 
an amount of energy proportional to the frequency of the radiation. On 
multiplication by the appropriate wave-length, we obtain, therefore, colxunn 
5, the relative electronic path per unit absorbed energy. This is the quantity 
we set out to find, since it may be used in the later calculations as the probability 
of an electron passage through a cell per unit absorbed energy, representing 
as it does the value of the total path (we shall refer to it os the “ integral 
path ”) of all the electrons evolved during the absorption of the same amount 
of energy for difierent wave-lengths. 
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1 

2 

3 

4 

6 

6 

7 

Up 

A in 

A 

Ko 

mm 

in 

5 fi units 

Ro A for 
photo- 
electrons 

H«A^ 

recoil 

electrons 

Mean 

integral 

range 

627 

0*360 

0*0232 

4*64 

1*67 

0*160 

1*51 

604 

0*304 

0*0341 

6*80 

2*07 

0*186 

1*69 

016 

0*182 

0*070 

14*0 

2*54 

0*280 

1*41 

1010 

0*148 

0*096 

19*0 

2*80 

0*364 

1*09 

1040 

0*143 

0*108 

21*6 

2*89 

0*404 

MO 

1380 

0*085 

0*180 

36*0 

3*06 

0*766 

0*97 

1030 

0*046 

0*64 

128 

5*88 

2*41 

2*41 

2685 

0*031 

1*24 

248 

7*69 

3*77 

3*77 

3700 

0*021 

2*79 

558 

11*7 

6*40 

6*40 

5026 

0*010 

4*40 

m) 

8*80 

5 71 

6*71 


Recoil Electrons 


The calculation of “ integral jiath ’’ for recoil electrons is much more difficult 
but is attempted below. The complexity arises from the fact that for a given 
incident radiation recoil electrons of a very wide variety of speeds are emitted, 
corresponding to their varying angles of emission, <f>. The numerical dis- 
tribution of recoil electrons with angle is also a coiAplex function of direction 
and wuve-length. 

If Ip be the intensity of the incident radiation, then it may be shown* that, 
I, the energy scattered per electron per unit solid angle in a direction 6 to that 
of the original radiation is given by 


I -In 


1 + cos« 0 






(1 + a (1 — cos G)®) 
where 


1 + 


««(1 - cos 6)* 


a = ■ 


(1 + 008* 0) (l + a(l 
hn 22*2 


• cos 0) )- 


w»c* X 

X being measured in X units. 

* Klein and Nishina, ‘ Z. Physik,’ vol. 02, p. 803 (1029). 


( 2 ) 
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On multiplication by dQ,j1m' where w' represents the modified frequency 
appropriate to 0 and a, we obtain the number of quanta scattered per electron 
in the direction 9 within a solid angle diX whence we transfer very easily to 
the number of quanta scattered in a cone bounded by 0 and 6 + d0. But 
each of these scattered quanta has a recoil electron associated with it at an 
angle <f> given by 

-- (1 + a) tan ^ cot 9/2. (3) 

Let represent the number of scattered quanta in the elementary cone 
dQj and 'N^d<l> the number of recoil electrons in the cone d<f>. Then 

N. =N.^. (4) 


But number of quanta scattered between 0 and 0 + dO 

= 27t8m 6 ./(G) . ” • r- • -4-« • 

n hn nrc* 

Also n/n' = 1 + 2a sin *6/2 and from (3) 


d6/d<^ 


Whence we have 


2 (1 + g) Bin* 6/2 
cos* ^ 


= ^fjO ) . sin e . G . j. . (7) 

m*c* cos* <f> hn 

This solves the problem of the number of recoil electrons and we now turn to 
their ranges. Let be the range of the electrons emitted at the angle 
The energy of these electrons may be written. 


where 


» _i 7 r 2a sin® e/2 ] 
^ ^”11 + 2a8in*8/2J’ 


Eq = energy of the quantum. 

Whence assuming the range proportional to the square of the energy we have 


where 


T} p r 2a sin* 6/2 


“‘’Ll + 2a8inie/2.J’ 

Rq range of the photoelectrons appropriate to a. 


The total range of all the recoil electrons set free in the angular cone is 
therefore the product N,^R^d^ which may be written down from equations 
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(7) and (8). The total absorbed energy per unit incident energy is clearly Od 
per electron, and the integral range of photoelectrons corresponding to this 
energy absorption is Whence we find that the ratio ^ of the integral 

range of tlie recoil elec'trons to the integral range of the photoelecJtrons for the 
same total energy absorption of the same wave-length may be written 






7te" 

'4» 


7(0) 


sin 0 
cos® <f> 


Tt i 


J il> ^ 0 

/‘(6) having its previous significance. 


. a (1 + a) (2 sin® 
hn 





2a sin® 6/2 1 d<j> 

l + 2a8in®0/2j ^ 


( 9 ) 



Fio. 1 


The integration has been performed graphically, the rather laborious arith- 
metic being carried out for several wave-lengths in the region of interest. The 
values off (6), the scattering function, are given in fig. 1. Their general shapes 
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are well known. The values of are given in fig. 2, while the curve 
representing the variation of 

with wave-length is given in fig. 3* It will be seen that the recoil processes 
give smaller integral ranges than the photoelectric processes, as is obvious 




Fia. 3 


fipom elementary considerations. The value of $ is, in fact, nearly 1 • 4 


0(1 + 




as suggested by the theory of scattering due to Bothe. The ratio 5 enables us 
immediately to calculate the integral range for the recoil electrons by simple 
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multiplication by the appropriate Rq and thus w5 obtain the probability of 
an electron passage per unit energy absorption for recoil absorption, Table I, 
column 6, In general at each wave-length both types of absorption occur, 
the recoil becoming more and more important at short wave-lengths. We have, 
therefore, taken the appropriate fraction of the total energy absorption of 
each type, photoelectric and recoil, for each wave-length, and obtained in 
this way the final integral range per unit energy absorption over the whole 
wave-length region, column 7. This result is given in fig. 4, where the relative 
number of cells traversed is plotted against wave-length. 



This curve is of interest indicating, as it does, the probability of a cell being 
traversed by an electron per unit energy absorption. On a simple photo- 
electric law, assuming range proportional to the square of the energy, the curve 
would rise over the whole region, but the variation is checked by the gradual 
transition of type of absorption process from photoelectric to recoil as we 
proceed towards shorter wave-lengths, and also by the slower increase of 
range with speed found experimentally than that calculated theoretically. 

** Survival ” Phenomena 

We may now turn to the second part of the theory dealing with the variation 
of probability of an electron passage through a cell and “ dose ” of radiation. 
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It may be ahown* that if Nq be the number of organiams initially present and 
p the probability of a “ hit by unit dose of radiation, then N the number of 
systems left unaffected by a dose if r hits are required to cause the biological 
effect, may be written : — 

( 10 ) 

This number N we may imagine to represent the number of survivals after a 
dose g. The physical meaning of p may be seen more readily by considering 
a simple case in which one hit only is required. Then 

N=Noe“*^ (11) 

or the surviving number decreases exponentially with dose. We may write 
(11) slightly differently as 

dN/Nr=^^g, (12) 

or j9 is the fractional decrease in the number of unaffected cells per unit small 
increase of dose. The general shape of the curves representing N against g 
for various values of r are given by Blau and Altenburger (loc. oiL). In view 
of equation (12), we may evidently setp as proportional to the integral range 
of the electrons as already discussed, while r may be taken to have various 
values according to different circumstances. 

Let us now consider three examples of survival cxirves, 

1 — Suppose a single electron passage through a cell is sufficient to cause a 
given biological change, however high the speed of the electron. This we may 
imagine to occur for changes caused by very small amounts of energy left in 
the cell Then in (10) we put r — 1 and may calculate, putting p = integral 
range as in fig. 4, the survival curve for different wave-lengths. This has been 
carried out for two wave-lengths 0*16 A and 0*02 A for which p^ and p^ are 
1-1 and 6-2 respectively. The result is shown in fig. 5. It will l)e seen that 
the hard gamma radiation is much more destructive than the longer wave- 
length. 

2— Suppose the energy required to cause a certain other change is higher 

and of the order of the energy left in the cell during a single passage of the 
slower electrons corresponding to the longer wave-length, still equals one. 
But more passages of the higher speed electron will be required and we may 
assume a value of fj shorter wave-length equal to 6-6 («=:6*2/l*l) 

♦ Blau and Altenburger, * Z. Physik,’ vol. 12, p. 315 (1923) ; Crowther, * Proo. Boy. 
Soc,,’ B, vol. 100, p. 390 (1926). 
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since the values of p are referred to unit energy absorption. Thus in the 
example, still considering the same pair of wave-lengths, we see that the 
integral range of the shorter wave-length is 5*6 times greater than for the 
longer. This implies that on the average 5 * 6 times less energy is left behind 
per unit path and we therefore assume a larger number (actually 5*6) of 
electron passages to be required to cause the same effect per cell for the higher 
speed electrons. The survival curve for 5*6 hits at 0*02 A is also given in 
fig. 5, where it will be seen that the shape of the curve is different from that 
for one hit at 0*15 A, but the dose required to cause a change in about 70% 
the cells is now of the same order in the two examples. 



Fig. 6 

3 — Finally we may assume a certain number fj (greater than unity) passages 
of the low speed electrons necessary and a still greater number 5*6 for 

the higher speeds. The curves are given in fig, 6, for the case = 8 and ~ 45, 
where it will be seen that the survival curves for the two wave-lengths are more 
nearly identical, being more exactly alike as increastis. The curves are 
calculated by the use of tables of the incomplete F function.’*' 

It may be seen therefore that even on the simple basis assumed here, the 
questions of selective action ’’ and “ differential action ’’ are very complex, 
but intimately related to each other. If the energy required to cause a change 
is very small, gamma rays would be expected for small doses to be much more 
active than longer wave-length X-rays, while if the energy required per cell 
is large the difference between various wave-lengths would probably be 

* Pearson, “ Tables of incomplete T function,*’ 1022. 
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negligible in biological experiments. Some such considerations as these may 
be the basis of the action Elective found by such workers as Rcgaud*** 
when considering the action of radiations on rapidly growing cells side by side 
with muscular tissue. It is observed that the relative destruction of malignant 
to normal cells increases as the wave-length decreases. This may, as above, 
be due to the smaller energy required to kill the malignant cell. Clearly no 
simple relation of selectivity to wave-length is to be expected siiuic different 
biological effects sliow different relative effects with varying wave-length 
according to tlie energy absorption per cell required to bring them about. If 
we may imagine that either the sensitive volume of the cell or the energy 
required to cause a given change varies periodically during the life cycle, the 
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% 
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energy being perhaps considerably leas during some stage of mitosis, then the 
alleged ‘‘action Elective’* on rapidly growing cells is explicable, as well as 
the possibly greater sensitivity of rapidly growing tissues.f 
A multitude of complexities such as time effects, inequality of ionization 
along an individual track, or variations of speed of tertiary electrons may be 
suggested, but it is hoped that the simple considerations suggested here are 
of some interest in the theory of the subject. 

A complexity which may be of considerable significance but not usually 
contemplated is the geometrical form of the biological object irradiated. For 
example, if the latter be a very thin sheet of material irradiated in a direction 
perpendicular to its plane, then the recoil electrons will only pass through cells 

* ‘ KadiophysioJ. and Rodiotherap.,’ voL 1, pp. 2, 177 (1927) ; val. 2, p. 360 (1931). 
t Begonia and Tribondeau, ‘ C. R. Acad. Soi. Faria,’ vol 143, p. 988 (1906). 
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during the early part of their paths. If the object be indefinitely thin, 
evidently the coasiderationH relative to integral paths previously advanced 
are of no significance, the number of absorbed quanta being the important 
parameter, and for a given absorbed energy as normally measured a smaller 
biological effect of shorter wave radiations is to be expected. 

Now that means are available of measuring radiations of varying wave- 
length in the same unit, it is hoped to carry out experimental work on the 
subject. 


Summary 

The possible importance of the range of the secondary electrons produced 
in living materials by high voltage X-rays and gamma rays is discussed. 
Using the Klein-Nisliina fornmlse, the total path of all the electrons set free 
per unit energy absorption is calculated and shown to rise rapidly in the gamma 
ray region of wave-lengths. 

Supposing one or more electron passages suffice to cause a biological change 
in a cell, the survival curves of a mass of cells irradiated with different wave- 
lengths are calculated. The differences in these survival curves according to 
the energy absorption required to cause the biological changes are discussed. 



The Collisions of Slow Electrons with Atoms — I V 

By H. S. W. Massey, Ph.D., Independent Lecturer in Mathematical Physics, 
Queen's University, Belfast, and C. B. 0, Mohr, Ph.D,, Cavendish 
Laboratory, Cambridge 

(Communicated by R, H. Fowler, F.R.8. — Received May 26, 1934) 

The collision of a slow moving electron with an atom is known to be a very 
complicated phenomenon involving a number of processes which are them- 
selves complex. To obtain even an approximate description of such phenomena 
the only method of attack is to consider the effects of the different individual 
processes separately in order to estimate the nature and magnitude of their 
contributions to the resultant scattering. 

In both elastic and inelastic scattering the principal processes occurring 
may be stated as follows : — 

1 — Scattering by the field of the atom considered as undisturbed by the 
incident electron, the latter being also thought of as only slightly affected by 
the collision. 

2 ' -The distortion of the incident and scattered electron waves by the 
potential field of the atom, the latter field being taken as the undisturbed atomic 
field. 

3 — The exchange of electrons between the incident and scattered electron 
waves and the atom. 

4 -The disturbance of the atomic field by the incident electron waves. 

Of these the first is taken into account in the first approximation of Bom's 
theory of collisions, and detailed calculations have been carried out using Born's 
first approximation for a great number of atomic collision phenomena.f It is 
therefore very convenient to describe the effects of the remaining three pro- 
cesses in terms of the deviations they produce from the behaviour given by 
Born's first approximation. In general this approximation predicts an angular 
distribution of scattered electrons per unit solid angle in which the scattered 
intensity falls off continually with increase of scattering angle, this rate of 
fall being much faster for inelastic than for elastic scattering. 

t Mott and Massey, “ The Theory of Atomic ColMons,” Oxford Univ. Press, chapter IX. 



The CoUisions of Shu) Electrons with Atoms 881 

The third process stated above, electron ex9hange, was first discussed by 
Oppenheimer.f In four previous papers by the present authors^ and in 
papers by Feenberg§ and by Allis and Morsell the theory of electron exchange 
has been elaborated, and it is now possible to state the conditions under which 
exchange effects may be important, and contributions to the scattering due to 
this exchange are often recognized. 

The second effect, distortion of the colliding electron waves, can be accurately 
discussed for elastic collisions by the method of Faxen and Holtsmark, which 
has been applied to the consideration of a number of collisions of slow electrons 
with atoms*^ The general result of the distortion efiect is to introduce maxima 
and minima in the angular distribution curves ancf, in certain cases, also in 
the cross-section- velocity curves, for elastic scattering. The detailed 
application of a theory of inelastic collisions w^hich includes the distortion of 
the incident and inolastically scattered electron waves by the fields of the 
normal and excited atom respectively, is very complicated. However, in 
Papers II and III it was shown that distortion does not greatly affect the 
total probability of a given inelastic collision, but has a considerable 
influence on the angular distribution of the scattered electrons at large angles 
of scattering. The experimental results show that, provided the incident 
electron energy is considerably greater tlian tlic excitation energy of the atom 
involved in the inelastic collision, the angular distril)ution of the inelastically 
scattered electrons closely resembles that of the clastic,** and in papers II 
and III it w^as shown in general how this arises from distortion effects. In this 
paper we apply the theory develope<l in the previous papers to a detailed 
consideration of the angular distributions of electrons scattered inelastically 
by argon and neon atoms, and in this way good agreement is obtained with 
experimental curves when this is to be expected. 

The second portion of this paper is devoted to the consideration of the fourth 
efiect stated above, so far as the elastic scattering is concerned. The disturb- 
ance of the atomic field by the incident electron may be regarded as a polariza- 

t ‘ Phye. Kev.,’ vol. 32, p. 361 (1928). 

t ‘Proc. Roy. Soc.,* A, vol. 132, p. 605 (1981), referred to subBequentJy a« paper A ; 
‘ Proo. Koy. Hoc..' A, vol. 136, p. 289 (1931), referred to subsequently as paper I ; ‘ Proc. 
Roy, Hoc.,’ A, vol. 139, p. 187 (1932), referred to subsequently as paper II ; ‘ Proc. Roy, 
Hoc,,' A, vol. 140, p. 613 (1933), referred to subsequently as paper 111. 

§ ‘ Phys. Bev.,* vol. 40, p. 40 (1932) and vol, 42, p. 17 (1932). 

II ‘ Phys. Rev.,’ vol. 44, p. 269 (1933). 

If Mott and Massey, “ The Theory of Atomic Collisions,” chapter X. 

** Niooll and Mohr, * Proc. Roy. Hoc.,’ A, vol. 142, pp. 320, 647 (1933). 
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tion effect or alternatively, as arising from the interaction of the inelastically 
scattered electrons with the elastic. Considered in this last way, the polariza- 
tion effect can be dealt with by using the second approximation of Born’s 
theory of collisions, and a detailed discussion and application of this approxi- 
mation is carried out in the second section of this paper. In paper III it was 
shown qualitatively that the effect of polarization is to increase the elastic 
scattering at small angles of scattering, and the detailed theory of this paper 
confirms this result and gives approximately quantitative results for the 
scattering of electrons by hydrogen and helium. 

Finally, a summary of the results of the application of quantum theory to 
the description of the experimental observations on slow electron scattering 
will be given. 


Section I — TAe Anguhr Dutribiition. of Inelastically Scattered Electrons 

We adopt the same notation as in previous papers. It was shown in paper 
II that, if one includes the distortion effect but neglects exchange and polariza- 
tion, the angular distribution per unit solid angle of electrons scattered after 
exciting the nth state of a given atom, is given by 


where 

/„ (A:„, k, G) = j Vo„ (r') F„ (/, G') (r', - 0) 

Von (r) = j V (r, r,) 4 *, (rj 


( 1 ) 


( 2 ) 


In this formula V (r, r^) is the interaction energy between the incident 
electron (co-ordinates r) and the atomic electrons (co-ordinates r^) and 
4^0 i^a)> ^11 (*'a) initial and final atomic wave functions : k/ 2 n, kJ 2 n 

are the wave-numbers of the colliding electrons before and after the impact. 
F^ (r, 6 ) is the solution of the equation 

V»F + ^ Voo (r)} F = 0. . (3) 

which is finite everywhere and has the asymptotic form 

F ~ » + r- » t^f (6), (4) 
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while dn (r> 6) is the corresponding solution of 


V*F 4- 


2 _ V 


(»-)}f=0; 


0 is the angle of scattering and 0 is given by 

cos 0 — cos 0 cos 6' + b sin 6' cos <f>\ 
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(5) 


(6) 


In Born’s theory of collisiorts the first approximation gives a formula similar 
to the above but with Fq, 5n replaced by plane waves ^ 

The formula (1) thus includes the effect of the distortion of thes:^ waves by the 
fields Vq^,, of the normal and excited atoms respectively. 

We consider in all cases a transition associated with a dipole moment so 
that Vo„ (r ) takes the form f 

( cos 0' 

Von(0 (7) 

It follows that 

k„ 


i«(e)-T” 


k ¥ 


2“1 sin 0' . * 


( 8 ) 


where /. arises from the form with cos O', f, from 2"' siiv 0' Also we 

have 

F„ (r', O') -- 1 (2s + 1) i«e«.F/ (/) P. (cos O'), 


where rFg' (r) is that solution of the equation 


i! 

df* 


(fF„') +[k^- Voo (r)} (rF„‘) = 0, 


( 9 ) 


(10) 


which is zero at the origin and tends asymptotically to the form 

sin {kr — -(- S,). 


Sinularlv 


(/, 7t ~ ©) = S (2s + 1) (/) P. (cos 0), 


( 12 ) 


where F„*, y, correspond respectively to Fo*, 8, in (9) with 0 replaced by n. 
Now on substitution of (9) and (12) in (8) we may integrate over the angular 
coordinates O', leaving /<. and f, as an infinite series of integrals involving 

t ^he quantity 1/V2 appesm when one normalizea the two tenne to the same value. 

VOL. CXLVI.— A. 3 P 
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J’n*! Vo„ (f')* This series is very slowly converging so we rewrite (9) 
and (12) in the form 

>'o (»•'. 0') == + 2 (28 + 1) i' [e***F„* (/) 

55„ {r', n - 0) ^“* « + 2 (2« + 1) r * [e*’'* F,* (r') 

- < J.+t (*««")] P. (cos 0). (14) 

In this way each function is written as the sum of a plane wave and a series, 
the terms of which arise from the differences between the functions IV, 
and the corresponding function in the expansion of a plane wave in zonal 
harmonics. The series terms thus represent the distortion due to th<‘ atomic 
field. On substitution of the formulee (13), (14) in (2) the plane wave terms 
give Born's approximation while the series terms give rise to additional con- 
tributions to the scattered amplitude due to distortion. The fornmlo) are 

/, (k, 6) — J Von (r') cos 0' exp {// (k <508 G' — cos ©)} (W 

f 4TO:|r'»Vo„(r')D,(/, 6) (if', (15) 

24/, (k, 6) I Vo„ (f') sin 0' exp (j [kr' con b' — k„/ cos 0 4; i^')} dr' 

+ 4m j f'»Vo„(/)D.(f', 6)rfr', (16) 

D, (/, 0) - exp {* (To + S,)} F„oF,o - L,«L'„ 

-f- 2 P, (cos 0) l(a -f 1) exp (i {y, + S.+,)} F„‘Fo‘'+> 

« *-• 1 

~ 8 exp {i (Y. - S, „,)} F/F/-1 - (8 + 1) 

-i sL/Wa (17) 

D, (r', 6) = 2 P^ (cos 0) [exp {* (y. + 8^,)} F„-F„‘+i 

K I 

- exp {i (Y. + 8._i)} lVFo*“* - - L/V* (18) 

In these formulss we have written 
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To calcukte the terma arising from and B,‘a convenient approximation 
may be made without appreciable error. The fimction (r) is a maximum 
near the outer shell of the atom concerned and vanishes like for small 
distances, whereas the functions F„*, F„* only deviate appreciably from their 
asymptotic forms 

at such small atomic distances that f^Vo„ (f) is then quite small. This region 
therefore contributes very little to the integrals involved in the second terms 
of (15) and (16), and so we may replace all the functions in (17) and (18) by 
their asymptotic forms. We then obtain 

D, (/, 0) = i P, (cos 0) {{.5 + i) T, + JS,} 

« 1 

— exp {i (y„ + Si)} sin (A„r + Yo) cos (tr -{- 8i), (20) 
D, (/. 0) ■■= E F. (cos 6) S., (21) 

X ^ I 

where 

5JS, I _ ± exp {?■ (y, + 8,-i)} Hin + y. — J^t) cos (Ar + S,..i — Jstt) — ’ 

2T J — exp (t (y, ■ f 8 ,+i)} sin (i:„r 4- y, — isTi) cos (hr 8.+, — JsTt). (22) 

On substitution in (15) and (16) it will be seen that the integrals 

rV„,(f')T'rf»' (23) 

Jo -*■» 

are required. These may be written down for all s in terms of the integrals 

f Von (*■) sin Xrdr — A (X) I 

1 ■ • 

j Vo„(r)oo8Xrdr — B(X) j 

For example 

2 1 S, Von ('') if' — exp {t (y, + S»+i)} [cos (S,,+i — y.) A (I- — h„) 

4- sin (8,+i — Y«) B (A — hj 4- (— 1)*^' {cos (8.+i 4- Y») 

X A (^ + ^«) + sin (8,4-1 + y«) A (Z: + Z*^)}] 

+ similar terms with in place of (25) 


3 p 2 
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A similar type of expression holds for the integral involving T,. We thus 
see that the contribution to the scattered amplitude arising firom the distortion 
terms can be written down in terms of the phase quantities S,, Yjt the four 
integrals A (A: ± :t: Kl At angles greater than about 25^" the 

contribution to the amplitudes /. arising from the undisturbed plane waves 
(Born's first approximation) is very small and so the distortion terms give 
rise to the complete form of the angular distribution in this region. 

Ajyplicatimi to Argon ami Neon — In applying the formulee of the preceding 
section to the inelastic scattering of electrons by argon and neon atoms it 
will be assumed that the transition involved is concerned with only one atomic 
electron wliich is considered as jumping from a p to an s state. The wave 
functions for this electron were then obtained by using Slater's rulesf 

and are : — 

= Nb »•* “ N„r--^ e' "'“•(for argon) I 

' Bin ^ . (2o) 

4'0 ^ ^0 ^ ^ - j 'j'n g“0-fi8 r/ff, neOIl) ) 

Von can then be calculated using these functions. Voo and must then 
be obtained in order to calculate the 8, and Vo^ may be obtained in both 
cases from the Hartree fieldsj but must be derived from the field of the 
normal atom by allowing for the transfer of one electron from the outer shell 
to the unoccupied shell of total quantum number greater by unity, and for the 
reaction of this transfer on the effective nuclear charges acting on the remain- 
ing electrons. These terms were also computed using atomic wave functions 
given by Slater's rules. The forms of Voo and of calculakni in this way 
for neon are compared in fig. 1, showing the increased potential at large distances 
due to the excitation. Having obtained the potentials Voo and the phases 

y^ may then be calculated with sufficient accuracy using Jeffreys' method 
of approximation (fig. 2).§ 

Calculations were carried out in this way for the scattering of 20, 40 and 
80 volt electrons after exciting the resonance level of argon (11-6 volts above 
the ground level), and of 26 and 60 volt electrons after exciting the resonance 
level of neon (16 »6 volts above the ground level). The resulting angular 
distributions are illustrated in figs. 3 and 4. For comparative purposes 
curves are also given for the angular distribution of electrons with the same 

t ‘ Phya. Kov./ vol. 36, p. 57 (1030), 

% Holtsmark, ‘ Z. Phy»ik,’ vol. 56, p. 437 (1920) ; Brown, ‘ Phys. Rev,,' vol. 44, p, 214 
(1033). 

§ Mott and Massey, “ The Theory of Atomic ColUrions,’* chapter VII, 3. 
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Fig. 1 -“Fields of normal and excited neon. Curve i is the Hartroe field of normal neon ; 
curve ii that of excited neon, calculated from i as descrifced in the text ; curve iii 
is the Hartroe field of normal sodium which is to be compared with curve iv for 
normal sodium, calculated from i in the same way as ii. 



Velocity, in yvolts 

ftQ, 2 — ^Variation of the phases with velocity of the incident electrons, for argon, Sj 

(incoming wave in normal field) ; y, (corresponding outgoing wave in excited 

field). 
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Thecjretioal 


Experimental 



3 — Galoulated and observed angular distributions in argon. elastic 

— inelastic. 


Theoretical Experimental 



Fio* 4— Calculated and observed angular distributions in neon, elastic 

— -"inelastic* 
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incident energy scattered elastically, the calcnlaitipn being carried ont by 
using Fax^n and Holtsmark’s formnlaf 

I (6) I S - 1) (2« + 1) P„ (cos 6) *. (27) 

j 2lk n 

Experimental curves, obtained by Nicoll and Mohr,t are included to check the 
accuracy of the theory. 

The striking feature of the calculated curves for argon for the higher voltage 
is the very close similarity between the form of the elastic and inelastic scatter- 
ing curves. At the lowest voltages, where the excitation energy involved is 
comparable with the incident electron energy the similarity begins to disappear. 
The reason for this has already been given in general terms in papers II and 
fll. This result was first obtained experimentally and examination of the 
observed curves illustrated in fig. 3 reveals this same general similarity. For 
80-volt electrons in argon the agreement with observation is very good, but 
for 40-volt electrons the calculated elastic and inelastic curves resemble each 
other more closely than do the corresponding observed curves. Again the 
agreement of theoretical and observed curves for 20-volt electrons is not very 
close. For neon, fig. 4, it will be seen that the general agreement between 
theory and experiment is quite good even at the lower voltage. It is of interest 
to note, however, that, unlike argon, there is a definite disagreement between 
theory and experiment for the lowest voltage elastic SKJattering curve, the kink 
in the experimental curve in the region of 60° being absent from the theoretical. 
This effect must be due to the contribution to the scattering from second order 
harmonics being relatively underestimated in the theory. It is probable that 
this discrepancy is due to neglect of electron excliange which could produce 
interference effects, reducing the contributions from the zero and first order 
harmonics and so making the second order contributions more apparent. 

It is clear from figs. 3 and 4 that the main features of large angle inelastic 
scattering may be considered as arising from the diffracting effect of the static 
potential fields of the normal and excited atoms, respectively, on the incudent 
and inelastically scattered electron waves, and so confirms the general con- 
siderations of papers 11 and III. The lack of close agreement with obBervar- 
tion at the low voltages is to be expected, as it is under these conditions that 
one would expect the neglected effects of polarization and exchange to become 
mportant. 

t Mott and Massey, “ The Theory of Atomic Collkicna,'’ chapter 11. 

X * Proc. Roy. Soc.,* A, voL 142, pp. 320, 047 (1933). 
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Section 11— The Effect of Polarization on the EloHic Scattering of Eledtms 

We now consider the effect of the disturbance of the atomic field by the 
colliding electron on the elastic scattering of the electron, showing how it may 
be considered alternatively as arising from the interaction of the inelastically 
scattered electrons with the elastic. 

The function (r) which describes the elastic scattering satisfies the equation 
[y + m r„ - 2 F« (r) V„o (r), (28) 

with 

[V* -I F„ = 2 F„ (r) V„„ (r). (29) 


The potentials are as defined in the preceding section. Born’s first approxi- 
mation is obtained from these equations by taking 

F„^0 


on the right-hand side of (28). This assumes that the perturbation of the 
incident wave is so small that it can be neglected on the right-hand side of 
(28) and we obtain, using Green’s theorem and remembering that 

.F„ ^ (0, ^), Fo ~ ' 4- r-> (6, <f>). 


F« (r) = - j Vo„ («-a) 

Fo (r) = *■ - ^ I Voo (r,) exp {i^Oo . r,} dT,. (30) 


We now obtain an equation from which to derive a second approximation, 
viz. ; — 

I V* + m Fo = Voo (r) e““-' - S V,o (r) 

X f Vo„ (r,) If ~ *‘ 3 l) c ^“. • dxf ( 31 ) 

J k — *‘al 

In order to sum the series involved in this equation we restrict ourselves to 
such velocities of impact that kn=ik for all values of n which contribute 
appreciably to the sum. With this assumption we may use the result 


i^Vno (r) Vo„ (r,) = J V (r, r,) V (r„ r*) |(j;o (ro)|*dTa, 


(32) 
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where V (r, r*) is the interaction energy between an 'electron of co-ordinate 
(r) and the atom. This gives 

tv* + A*] Fo = ^ Voo (r) e‘*"' ^ 

J j V (r, r„) V (Fj, to) 1 (r^) |* exp {iitao . FjJ dr^ dza- (33) 

Let us now change the origin of co-ordinates to the point r for the calculation 
of the right-hand integral, and denote the polar co-ordinates mth respect to 
the point r by p, tj; so , if p^, 9 'q, the co-ordinates of the initial origin 

We then have 

(V* -f- k») t\ (r) = ^ ' {V«, -i- iW. 

where 

«oo = - ^11 exp {iA (pj 4- Oq- Pa)} V (r, p„ - r) V (pj - r, p„ - r) 

^ IV(P« — *')|*Pa"^«^p2«'p»- (34) 

The effect of the second approximation can thus be regarded as the intro- 
duction of extra scattering potential This, however, includes the first 
approximation to the distortion effect which is obtained by considering the 
equation 

(V*-f A*)Fo = ^VooFo. (35; 

Solving this by successive approximations in the same way as the above, gives 
for the second approximation 

(V* + k^) Fo = e**"- (Voo + uj, 

where 

«oo = - ^ Voo (r) j V«, (Ip, - r I) Ps’* cxp Uh (p, + "o • P»)} dp^. (37) 

Uoo is thus a contribution due to Voo, must be regarded as due to 

distortion rather than atomic polarization. We call the potential Voo “ “oo 
the true polarization potential, which aiises from the interaction of the in- 
elastioally scattered waves F^ with the elastically scattered and can be regarded 
as an additional term due to the modification of the atomic potential. 
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The general oonaiderations discussed in paper III would malce it seem prob- 
able that the second approximation effects due to should represent 

the effect of the reaction of the inelastic on the elastic scattering with some 
accuracy, but there is no reason to suppose that Uqq gives a good representation 
of the distortion effect, which is a diffraction phenomenon arising from the 
large magnitude of Vqq for small values of r. Moreover we are able to 
calculate the distortion effect accurately by exact solution of equation (35) 
by Faxen and Holtsinark's method. Hence to compare with experiment, the 
scattered amplitude due to the potential (V^ + <^ 00 *^ ^ 00 ) ^ calculated using 
Born s first approximation and the additional amplitude due to distortion 
determined immediately by comparing Born’s formula for the scattering by 
the field Voo with Faxen and Holtsmark’s fomula (27). In this way we obtain 
the scattered amplitude as the sum of these terms : — 

(а) that given by Born’s first approximation calculated for the undisturbed 

field Voo; 

(б) a term given by calculating the scattering due to the “ true ” polariza- 
tion potential Uqo «oo Born’s first approximation ; 

(c) a term arising from distortion calculated by comparison of (a) with Faxen 
and Holtsmark’s expression. 

Alternatively we may regard the resultant amplitude as the sum of that given 
by Faxim and Holtsmark’s formula (which includes distortion but not polariza- 
tion) and of a polarization term obtained by calculating the scattering by the 
field — Wqo using Born’s approximation. Actually in practice it is more 
convenient to use the former method. 

Cakulation for Hydrogen and Hdium — ^The calculation of is a very 

lengthy procedure and it can only be evaluated in a series of zonal harmonics. 
For convenience we will consider md Wqo separately. 

. (a) Calculation of Vop, Considering only one atomic electron with normalized 
wave function 

<^0 (*•)=(£/ «-*'*' (38) 

we have 

V(r,r.)=-,>(i-.,_' ), (89) 

-r |r — 

and so 

’^oo == (— + Is ~ I»)> 


(40) 
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where 

Ii = J J exp {ik {p* + Do . Pa) - np„} (poap,)-i dpt dp, 

Ij ==-. j j exp {ik (pa + . pj) — p.pa,} (p.paPo»)~^ dpa dp. 

Is = |J exp {ik (pa + . Pg) - fipo,} (pt.Pa)“^ 

I4 = f [ exp {il: (pa + “o • Pa) - l^Po.} (PaPaoPa)"’ «IPa‘Ip« 

Using now the expansions 

£ (2n + 1) t« J„H (*p) P, (co8») 

^fcp/ 


(41) 


Pi2~i= 2 : y«(Pj. P2)I’»(co»y) 


where 


and 


■ (pi Pa)-‘ L (2n + 1) (pi. Pa) (cos y) 




I 


Yn = Pa" Pi ^ 

0 ' Pi ^ Pa* 

^ {K„ + J ((iPi) I«+* ((Ipj)} j 


008 Y = cos 01 008 ©a + sin 0, sin 0a cos — <f>i) ; (42) 

together with the orthogonal properties of spherical harmonics, we obtain 


Ii = - 16 (|^)* £ t-" P« (cos 0) IJy, (r, pJ 




J" fi (kpi) >3<, (n P«) Pa* p.*^‘dpa<lp« 


I, = - 16 


8 \i 


S i~" P, (cos 0) H 




PJc' 




J«+t (kpe) Vo (e. Pa) Pa* pJ <^Pa ^Pa’ 

I, - - 16 (£)* £»-" P, (cos 0) f->/* j j Y, (Pa. p,) 

j»+* (I^Pa) ’la (*■> Pa) Pa* Pa*^* <iPp ‘Ipa. 

I4 « 16 (~ )* s a-» P, (cos 0) H j| Y, (Pa. Pa) 

J»+» (*P*) ’la (n Pa) Pa* Pa* <Ipa <Ipa- 
Hie polar axis is taken in the direction of the unit vector Og. 


.<*(>• 


( 43 ) 
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(6) Calculation of Uqo. With the wave function (38) we have 


Voo(0-(;+|H 

where, in atomic units, a — 1 and (x = 2 for hydrogen. 
Substituting in (37) and using the expansions (42) gives 

_ /2®7t®\ me* /a , u.\ I ^ \ 

2 r" (2n -f 1 ) P„ (cos 0) (r"* K„+j(pr) 

n I 

I„+t (pp*) e^*"' J„+* (A:p,) dpa + r"* I„+|({xr) 
[ K-«+t(i^P8) (4*) ^P*|- 

Jr J 


The further calculation of Wqq can only be carried out by using the 

explicit expressions for the Bessel functions involved* After this substitution 
the integrations may be carried out without diflSculty, but even for the zero 
order terms the complications of algebra are very great. It is found in this 
way that has the asymptotic form 


V 


c* 2 r 2i , (1 — 3 cos 9 ) | . 
^0 f^k \ 




“(?)]• <“> 


It will be clear without further calculation that the effect of the true polari- 
zation potential will be to increase the small angle scattering owing to the 
presence of a terra (purely imaginary), which falls off as slowly as r"* for large 
r. In fact with this form for Vqo (r) the scattering per unit solid angle becomes 
logarithmically iniinite at 6 » 0, although the scattering per unit angle still 
tends to zero as the angle of scattering is decreased. The real part of the 
second term in the asjmiptotic expansion of Vjo (r) corresponds to the classical 
polarization effect, and a semi-empirical potential with this asymptotic form 
was actually introduced by Holtsmark in calculating the scattering of slow 
electrons by argon and krypton. 

With regard to the convergence of the series (43) and (45), whioh will be 
better the smaller the incident electron energy, we note that the zero order 
term vanishes more slowly at infinity than the remaining terms, and so is 
always much the most important in determining the small angle scattering. 
It was found then that, when the incident electron energy is snfficiently great 
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to make the canvergeuce poor for other values of r, the effect of at 

the larger angles of scattering (determined by the form of — Uqq for these 
values of r) is small compared with the true distortion effect and Born's first 
approximation. Hence it was fortunately only necessary to take into account 
the first two terms in the expansions (43) and (45), 

To carry out the detailed calculation of the scattered amplitude due to 
^00 ^00 substitute Vqo + ““ ^oo Born's approximate formula, 

to obtain 

/(0) = - J(Voo + 1^00 - «oo) (47) 

and carry out the integration. The resulting formulae, even for the zero order 
term of (Jqq — are too complicated for reproduction here, but in fig. 5 
the contributions arising from the various terms are illustrated for scattering 
by hydrogen. It will be seen from this figure that the imaginary amplitude 
due to the polarization effect produces a great increase at small angles, but 
has only a small effect at large angles. The rapid convergence of the con- 
tributions from the various terms in the series (43) and (45) is also clear. 

Comparing the result/s for hydrogen and helium it is found that the polariza- 
tion effect persists at much higher voltages in helium than in hydrogen. This 
follows from the fact that, apart from a numerical factor which is nearly unity 
for hydrogen and helium, the ratio of the polarization amplitude to that given 
by Born's first approximation is a function of (x/A;. Since 

phydrotfrn 

=1.69 - for constant |x/Jfc, 

Miydrogwn V VOltS iiydrogt n 

and the effect is approximately the same for 230-volt ekKJtrons in helium as 
for 80- volt electrons in hydrogen. 

In figs. 6 and 7 angular distributions calculated in the manner described 
above are compared with experimental curves for hydrogenf (molecular) and 
helium.! The agreement is seen to be very gwxi. The experimental curves 
for hydrogen have each been arbitrarily fitted to the theoretical curves. The 
experimental results for helium include also the relative magnitudes of the 
scattering curves at different voltages, and so in fig. 7 only one arbitrary 

t Amot, ^ Proo. Roy, Soo.,’ A, vol. 133, p. 616 (1931) 

} Hughes, McMillen and Webb, ‘ Phys. Rev.,’ voJ. 41, p. 164 (1932). 
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adjustment was made, the 360 volt experimental and theoiretical curves being 
fitted together ; it was then fotmd that the curves for the other voltages also 
fitted each other. Assuming that the scattering of 700 volt electrons is given 



r'lG. 5~411uBtrating tho correotien to Bom’s approximation duo to polarization and dis- 
tortion, for 54- volt electrons in hydrogen, i, Born’s approximation ; ii, after taking 
polarization and distortion into account also, zero order term ; iii, ditto, first order 
term. Suffixes r and i denote real and imaginary amplitudes respectively. 

accurately by Born's approximation, absolute values maybe assigned to the 
experimental results, but these values are 0.45 times smaller than those 
calculated. Also the evidence from determinations of ionisation and total 




897 


The GtMimns of Slow Ehctrons toith Atoms 

cfOB^-sectioiis in helium would seem to indicate a smaller elastic cross-section 
than the theoretical. However, the accuracy of experimental determinations 
of absohite values of scattered intensities is not high, and to be quite 
certain of the position, it would be advisable to have independent observations 



Fm. 6 — Kia-stic angular distributions in hydrogen. calculated using Bom’s approxi- 

mation ; calculated taking polarisation and distortion into account also ; 

. . . observetl values. 

of the elastic cross-section in helium and its ratio to the total cross-section 
for a range of velocities. Nevertheless, there is no doubt that the observed 
departure from Born*8 approximation at small angles is due to the effect we 



Scattered, intensity (arbitrary units) 
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Pia, 7 — KlaBtic angular dlBtributione in helium* calculated using Bom’s apprpxi 

mation ; calculated taking polariaation and distortion into account also 

. . , observed values. 
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have denoted by polarization. The qualitative explanation given in paper III 
is therefore definitely established. 

Further confirmation of the theory is provided by the recent results obtained 
by Whiddingtonf for the scattering in helium at still smaller angles {2''-5“). 
The theory predicts the scattering at 2® to be about twice that at 5° for energies 
between 100 and 400 volts ; the experiments indicate this rate of variation 
of scattering at 200 volts, though somew^hat slower and faster variations 
respectively at 100 and 400 volts. However, these preliminary experimental 
results are based on the questionable assumption that the inelastic scattering 
is given accurately by Born^s approximation at angles as small as 2°. Since 
the elastic scattering as given by Born’s approximation does not change 
sensibly between 2^^ and 6° at these voltages, these results can be regarded as 
further evidence in favour of the theory. It is interesting to note that as the 
angle of scattering decreases to zero, the scattering as given by the present 
approximation of the theory increases slowly but continually, instead of 
approaching a constant value as predicted by Bom’s approximation. The 
total cross-section still remains finite, however, since the scattering increases 
only logarithmically at very small angles. 


^ IHscumon 

The detailed investigations of this paper have confirmed the qualitative 
description of the effect of the distortion of the electron waves by the atomic 
field on the inelastic scattering, and the effect of polarization of the atomic 
field on the elastic scattering. We may, therefore, summarize the present 
position of knowledge of the way in which the effects of the different individual 
processes are manifest in experimental observations. This is done in Table I. 

It will be seen that, although it is possible to recognize most of the effects 
of the processes, it is not yet possible to give a quantitative account of the 
effect of exchange and polarization on the inelastic scattering, although a 
qualitative account of the effect of the latter on the total probability of an 
inelastic collision can be given, A quantitative account of this effect of 
polarization on the inelastic scattering would be very complicated, but, in 
view of the success of the method of Section II in discussing the effect of 
polarization on the elastic scattering, it is probable that a similar method could 
be applied to discuss the effect on the inelastic scattering. 

t " Nature/ vol. 133, p. m (1034). 
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Tftbld I 


Kffo<3t on 


loelMtic scattering 


Process involved 

1- — Scattering by the un- 
disturbed held of the atom 
in which the incident wave 
is only slightly disturbed* 

2 — Ihstortion of incident 
and scattered waves by 
atomic field* 


3 — Electron exchange. 


4 — Disturbanw^ of atomic 
field (polarisation) or. al- 
tcruativoly, effect of inter- 
action of scattered waves 
on each other, 


Elastic scattering 

8nLall intensity of scatter- 
ing. Angular distribution 
monatomic, intensity de- 
creasing with angle. 

Maxima and minima in 
cross -section- velocity curves 
(Ramsauer effect). Maxima 
and minima in angular dis- 
tributions. these being most 
marked for heavy atoms and 
disappearing at low velocities 
of impact. 

Apparent for light atoms 
(H. jfte) at low velocities of 
impact in producing greater 
variability of form in the 
angular distributions (t.e.. He 
below 20 volts). 

Greatly increased scattering 
at small angles. Increase of 
total probability of an elastic 
collision. 


Angular distribution mona- 
tomic and decreasing more 
rapidly with angle than for 
elastic scattering. 

No marked effect on 0W)ss- 
section-veiocity curves. Maxi- 
ma and minima in angular 
distributions at large angles* 
closely resembling the corre* 
spending elastic angular dis- 
tributions except for very 
low velocities of 

Leads to possibility of 
excitation of optically dis- 
allowed transitions (i.e.. ex- 
citation of He triplets), 
Effect on angular distribu- 
tions not yet Imown, 

Decrease of probability of 
an inelastic collision. Effect 
on angular distribution not 
yet known. 


Our thanks are due to the Department of Scientific and Industrial Research 
for a Senior Grant to one of us (C. B. 0. M.), and to Mr. J. McDougall for pro- 
viding us with an approximate Hartree field for sodium. 


Summary 

A quantitative account is given of the effect of two factors which are of 
importance in determining the scattering of slow electrons by atoms. The first 
section discusses the form of the angular distribution of inelastically scattered 
electrons as determined by the distortion of the incident and outgoing electron 
waves by the field of the atom. The numerical application of the formulse 
to neon and argon shows good agreement with the observed diffraction effects. 
In the second section the effect of the disturbance of the atomic field by the 
colliding electron on the elastic scattering is dealt with, and this theory is 
applied numerically to the scattering by hydrogen and helium. Comparison 
with experiment then shows that the marked excess of scattering observed at 
small angles above that given by Bom*s approximation is clearly due to this 
polarization effect, A summary of the present position of the theory of the 
floattering of slow electrons is also given. 
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Spectrum of the Afterglow of Sulphur Dioxide 

By A» Q, Gaydon, A^R.C.S., D.LC,, M.Sa, Research Student, Imperial College, 

South Kensington 

(Communicated by A. Fowler, F.R.S. — Received May 28, 1934) 

[PLATis 13 and 14] 


Introdtwlion 

Following a previous investigation of the afterglow of carbon dioxide* it 
was decided to examine sulphur dioxide under similar conditions of experiment. 
An afterglow of considerable intensity and duration had, in fact, already been 
noted by Professors Sir J. J. and G. P. Thomsont as occurring when sulphur 
dioxide was excited in a ring discharge, but no observations on its spectrum 
appear to have been recorded. Strutt { has recorded an afterglow when 
ozone is passed over sulphur, but no glow was recorded with sulphur 
dioxide. 

The spectrum yielded by SOg in vacuum tubes varies greatly according 
to the conditions of excitation. With sufficiently powerful condensed dis- 
charges and a rather low pressure of the gas, the molecules are dissociated into 
atoms and the spectrum consists of lines of oxygen and sulphur. With un- 
condensed discharges of moderate intensity and a suitable pressure of gas, the 
spectrum shows a strong system of bands degraded to the red which have 
been analysed by Henri and Wolfi§ and attributed to the diatomic molecule 
SO ; these bands are most intense in the region X 2442 to X 3941. Still weaker 
excitation yields an entirely different system of bands extending from the blue 
to about X2000, and there is evidence that these bands are due to imdis- 
sociated molecules of SOj.|| The absorption of SO^ is characterized by a large 
number of bands, which are most intense in the region X 2800 to X 3160. 
Owing to the continuous spectrum emitted by the gas during electrical excita- 
tion, this absorption may appear superposed on the emission spectrum in some 

• Fowler and Gaydon, ‘ Proc. Roy. 8oc.,* A# vol, 142, p. 362 (1933). 
t ‘ Conduction of Eieotrloity through Gases,* voL 2, p. 443, 

% * Proc. Phys, Soc.' vol. 23, p. 149 (1911). 

§ ‘ J. Phys.; vot 10, p, 81 (1929). 

II Tung-Ching Chow, ‘ Phys. Rev./ vol, 44, p. 638 (1933). 
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forms of discharge tube, Kecently Lotmar*^ has reported ou a band system 
excited in SOg by fluorescence. 

While much work has been done on the subject, our knowledge of the energy 
levels associated with the SOg molecule is far from complete and it was thought 
that any further information as to the spectrum which could be obtained by 
different means of excitation might be of assistance in completing the analysis. 


Experimental 

Liquid sulphur dioxide, purified by freezing out in mcuo, was used. After 
purification it was let into a 2-litre flask R, fig. 1, as reservoir. Tliis reservoir 



was connected to the discharge tube through an adjustable valve V. The 
discharge tube consisted of a Pyrex tube D about 60 cm long and 1-6 cm 
internal diameter. The electrodes EE consisted of stout aluminium rods 
screwed into water-cooled copper cylinders ; this water cooling was found to 
be essential owing to the great heat produced by the intense discharge in some 
of the experiments. The electrodes were waxed into the ends of the discharge 
tube. The afterglow was observed in the side tube S> which was some 30 cm 
long and 0 ■ 4 cm internal diameter. Observation was made through the quartz 
window Q, The connection between the side tube and the discharge tube was 
made as short as convenient (about 2 cm) because the afterglow, beiiag of shorts 

♦ * Z. Physik,’ vol. 83, p. 765 (1933). 
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duration, did not extend far from the discharge, After passage through the 
discharge tube and constriction C, which was shunted by a tap for quick 
evacuation of the system, the gas was frozen out by a liquid air trap T» The 
pump {a good mechanical pump giving a pressure estimated at 0*001 mm) 
was kept going to remove any oxygen formed by decomposition of the gas. 
By adjusting the valve V a continuous stream of gas at any desired pressure 
was passed through the discharge tube. 

For investigation at high pressure (1 to 5 mm) the afterglow was observed 
and photographed in the side tube, but at low pressures this method was not 
found satisfactory as stray discharges down the side tube tended to mask the 
afterglow. To overcome this difficulty the mercury break adapted as a 
rotating shutter in a previous examination of the afterglow of carbon dioxide* 
was employed. This entailed a slight modification in the design of the dis- 
charge tube so that it could be viewed end on ; the dimensions, however, were 
approximately the same. A continuous stream of gas was used, as before, to 
prevent accumulation of oxygen formed by decomposition of the gas. 

The discharge was maintained by a powerful induction coil taking up to 
20 amperes through the primary from the 110 volts mains. 

Occurrence of the Afterglow} 

A bright blue- violet afterglow was observed. At a low pressure (about 0*1 
mm) the afterglow was very persistent and could be seen for about 5 to 10 
seconds in a completely darkened room, and for a short time even in daylight. 
At higher pressure (estimated at 2 to 6 mni) the afterglow was of very short 
duration (| second or less) but still very intense ; it was drawn only about 5 cm 
down the side tube, but could be photographed quite easily with a quartz E2 
spectrograph in half an hour. It was noticed that the afterglow was rather 
faint for the first few minutes after the current was switched on, but increased 
in intensity as the discharge tube became heated. A little sulphur was deposited 
both in the discliarge tube and in the side tube. 

An attempt to examine the effect of the presence of small quantities of 
possible impurities produced only negative results. Small quantities of carbon 
dioxide, air, and water vapour were admitted, but produced no observable 
change in the duration, intensity, or colour of the afterglow, although if air was 
present in appreciable quantity the second positive bands of nitrogen 
appeared in the spectrum of the afterglow. During examination of the afterglow 

* * Proo. Boy. 8oc.,’ A, vol. 142, p. 362 (1933). 
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the spectrum of the ordinary discharge was free from impurities except tiiat 
at very low pressure the hydrogen lines !!« and H/i were faintly present. 
It seems, therefore, quite safe to assume that the afterglow is stimulated by 
SO 2 or one of its decomposition products and not by any impurity. 

Photography of the Spectrum 

Preliminary work was carried out with a medium ske quartz spectrograph 
(Hilger E2). A small quartz instrument (E31) was also used for exploration 
in the far ultra-violet. It was found, however, that the interesting portion 
of the spectrum was in the region 40C0 A and hence it was determined to use 
instruments giving a larger dispersion in this region. 

A large aperture glass prismatic spectrograph giving a dispersion in the 
blue and violet of about 45 A per mm was then used, this instrument being 
extremely fast and very useful for studying the effect of variation of pressure 
and electrical excitation on the spectrum of the afterglow. Using the side 
tube, good spectrograms were obtained in about 20 minutes on fast plates, 
but when using the rotating shutter this time was reduced to about 10 minutes. 
A grating-on-priam spectrograph giving a rather larger dispersion (26 A per 
mm) was also used ; the spectrum only extended from the jred to about 3925 A, 
but the instrument gave good definition and was suitable for a rather detailed 
examination of the spectrum under various conditions, and also for studying 
the ordinary discharge with very weak excitation. This spectrograph was 
much slower than the large aperture instrument, but enabled the afterglow 
to be photographed in about | to 3 hours according to its intensity. 

For exploration work, Ilford Monarch and Double-X-Press plates were used, 
these being extremely fast. Owing to the coarse grain, spectrograms on these 
plates were difficult to measure under a microscope, and hence it was necessary 
to use slower plates when the best results were desired. As no spectrum was 
observed in the red, there was no advantage in using panchromatic plates, 
although an unsuccessful trial was made to see if anything further was obtained. 
In order to display the bands of the afterglow relative to the continuous back- 
ground it was desirable to use a contrasting developer, and hydroquinone 
was therefore used for most of the work. 

Spectrum of the Afterglow 

The spectrum may be divided into two portions, a continuum and a band 
system. 
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The continuum was very intense from far in fhe ultra-violet (2400 A or 
less) to the blue-green ; it did not extend into the red. The SOj absorption 
bands from X 2800 to X 3150 were superposed on the continuum ; these are to 
be attributed to absorption in the space between the afterglow and the quartz 
window, this distance being about 3 cm when examining through the side 
tube, and about 6 cm when using the rotating shutter. There were no emission 
bands in the ultra-violet. 

The band system, X 3828 to X 4699, when photographed in an afterglow 
under favourable conditions, using a narrow slit and contrastirg developer, 
was well displayed. It consisted of about 20 narrow but rather diffuse bands, 
often occurring in pairs. The bands were not clearly degraded preferentially 
in either direction, and hence exact measurements of the wave-lengths could 
not be obtained ; the values given in Table I are estimates of the wave-lengths 
of the centres of the bands ; intensities have been estimated on a scale of 
0to4. 

Table 1 — Wave-lengths, intensities, and wave numbers of the bands of the 


A 

I 

afterglow of SO.> 

V "a 

1 

V 

4(t09 

1 

21277 

4244-6 

4 

23553 

4677 

0 

21375 

4200-1 

0 

23802 

4588 

2 

21790 

4152-9 

4 

24073 

4564 '8 

2 

21901 

4136- 1 

1 

24170 

4483-6 

1 

22297 

4060-5 

4 

24584 

4461-0 

3 

22411 

4048-3 

3 

24694 

4441-0 

0 

22512 

4007-2 

1 

24949 

436M 

3 

22925 

3963-7 

4 

25222 

4338- 7 

2 

23037 

3883-0 

2 

25746 

4265-3 

3 

23440 

3828 

0 

261 16 


The band system, relatively to the continuum, was more pronounced at 
fairly high pressure, estimated at about 2 to 5 mm, and with a weak exciting 
discharge, although the afterglow as a whole was less intense ; under these 
conditions little or no sulphur was deposited. With very powerful excitation, 
or at low pressure the continuous background was much more intense and the 
bands were almost obscured ; a considerable amount of sulphur was deposited, 
necessitating occasional cleaning of the quartz window. Under similar con- 
ditions of pressure and electrical excitation, the spectrum was found to be the 
same whether observed along the side tube or through the rotating shutter. 


Analym of the Band Speetrum 

The emission band system is quite simple in appearance, and although very 
accurate values of the wave-lengths have not been obtained, the wave number 
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difEerenoes have been determined with aufficient aconracy to leave no doubt 
as to their identity. Intervals of about 1140 and 620 occur (also 620, the 
difference between 1140 and 520). It is convenient to arrange the bands as 
shown in Table II to show this regularity. This arrangement shows certain 
differences from similar schemes for diatomic molecules, and suggests that the 
afterglow spectrum is not due to a diatomic emitter. The intervals 1140 and 
620 are, in fact, to be identified with those found in other ways for the triatomic 
molecule SOg. All the bauds except three have been arranged into this 
scheme. 

Table II — Arrangement of afterglow bands to show wave number differences 
of about 1140 and 520. The differences are printed in italics. Intensities 
are in brackets following wave numbers of bands 




22512 ( 0 ) 


21375 ( 0 ) 





1137 



24170 ( 1 ) 


525 

23037 ( 2 ) 


526 

21901 ( 2 ) 



im 


im 



5U 


516 


510 



21694 ( 3 ) 

1141 

23553 ( 4 ) 

1142 

22411 ( 3 ) 

1154 

21277 ( 1 ) 

S28 


520 


514 


613 

25222 ( 4 ) 

1149 

24073 ( 4 ) 

im 

22926 ( 3 ) 

1135 

21790 ( 2 ) 

524 


511 


515 


507 

25746 ( 2 ) 

1162 

24684 ( 4 ) 

1144 

23440 ( 3 ) 

1143 

22297 ( 1 ) 


In absorption, Chow* finds intervals of 521 decreasing, 1160 and two other 
rather uncertain ones. In fluorescence, Lotmarf finds 520 decreasing to 430, 
1160 decreasing to 1110, and, in addition, 1370, In the Eaman effect, Dickin- 
son and WestJ report intervals of 524, 1146, and 1340 ; and in infra-red 
investigations Bailey and Ca88ie§ give 624, 1162, and 1361. These intervals 
have been definitely attributed to the ground state. It thus appears that the 
band system of the afterglow is due to SO 2 , and is produced by transitions 
to the various vibrational levels of the ground state. 

The intensity distribution of the bands arranged in Table II is smooth and 
indicates fairly definitely that the band at v = 26746 is that corresponding to 
a transition to the lowest state as indicated. The larger interval seems to 

♦ ‘ Phy«. Rev./ vol. 44, p. 088 (1933). 
t ‘ Z. Phyeik/ vol. 83, p. 766 (1938). 
t * Phys. Rev./ vol. 3d. p. im (1930), 
j[ * Proo. Roy. Soc,/ A, vol. 137, p. 622 (1932). 
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decrease for the higher vibrational levels, and 1160, 1145, and 1140 have been 
chosen as the most probable values for the three levels. The smaller wave- 
number interval does not appear to alter appreciably with increase of quantum 
number, and a mean value of 618 has been adopted. Both difEerenoes decrease 
towards the top right-hand corner of Table II ; this may be a real change caused 
by some interaction of the two vibrations for the higher quantum numbers, 
or perhaps can be explained by assuming that the centres of the bands as 
measured do not correspond to their origins, so that a systematic change in 
the differences is to be expected. The third vibrational interval of about 1360 
associated with the ground state has not been observed in the afterglow 
spectrtim* 

Since all except three of the bands are due to transitions from one upper 
level to these lower levels, and the remaining three bands (wave numbers 
26116, 24949, and 23802) show the 1150 interval between themselves, it must 
be concluded that only two vibrational levels of the upper state are involved. 
The energy of the lower level of this upper state must be at least 25746 units 
of wave number, but it seems unlikely that it is the same state as found for the 
emission of SOg in the ultra-violet (in the region 2300 A), as this would imply 
that only very high vibrational levels of the ground state are involved, which 
appears unlikely with a gas in a cool side tube, and also from the intensity 
distribution of the bands. The majority of the transitions (17 bands) occur 
from the lower vibrational level of the upper state, and the remaining three 
bands are from the next vibrational level to the ground state. The separation 
of the two vibrational levels of this upper state would then appear to be about 
365* cnr^ (or perhaps 366 + one of the other intervals, 520, or 1150, or an 
integral multiple of the&e). If this is assumed to be true, then we obtain an 
energy level scheme as shown in fig. 2. The 365 interval for the upper state is 
not very certain. The two series of levels in the lower state correspond to two 
forms of vibration of the triatomic molecule which can occur independently ; 
hence any value of the total vibrational energy of the lower state made from 
a combination of these levels is possible. The spectrum affords no means of 
determining the value of the vibrational quantum number associated with the 

* The thre»e bands which do not fit into Table II show the 1166 interval among them- 
selves, and are displaced about 366 om*‘ from the three corresponding bands in Table II, 
thus 


26746 

mi 

245M 

1144 

28440 

m 


365 


362 

26116 

im 

24049 

1147 

23802 



908 


A. G. Gaydon 

frequency bf 1360, but if the bands belong to the system obtained by Watson 
and Parker* in absorption it must have a value about five. 

The bands observed do not appear to have been recorded previouriy, at 
any rate as a group, although some of them coincide roughly with some of 
Lotnmr’s fluorescence bands. In view of the large number of bands in his 
spectrum, however, the agreement is probably acddentcd. 



Sjiectrum of the Exciting Discharge and its Relation to the Came of the 

Afterglow 

It has been shown already that the band system of the afterglow is produced 
by molecules of SOg, but it was thought desirable, if possible, to obtain some 
evidence as to the cause of these molecules being or remaining in an excited 
state. Hence the spectrum of the exciting discharge was examined. 

The spectrum of tbe exciting discharge was in general very complex, and 
varied considerably with the intensity of the discharge. The most prominent 
features between 5000 A and 2200 A were numerous bands which have been 
attributed to SO and SOg. The SO bands have been described by Henri and 


• ‘ Phyg. Rev.,’ vol. 37, p. 1013 (1081). 
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Woiff, and the SO2 emission bands in the ultra-violet by Chow. Bands in the 
blue violet have also been attributed to this molecule by Bhaduri at the Imperial 
College, although an analysis of these bands has not yet been published. The 
more intense bands of the afterglow are also shown on spectrograms of the dis- 
charge undci- suitable conditions, but this does not necessarily imply that 
they are present in the initial spark, as the afterglow is, of course, included. 
A few lines were observed at times, including the aluminium lines X 3961 and 
X 3944 at the electrodes, the sulphur triplet, 4# *82 — 6p 2, 8> X 4696, 

and the oxygen line at X 4368. Bands of 82 were present only with relatively 
very powerful, but still uncondensed, excitation. With weak excitation the 
most prominent features were the SO bands, the SO2 system observed by Chow 
in the ultra-violet, and bands in the blue and violet including the more intense 
afterglow bands, now also attributed to this molecule. The sulphur triplet 
was faint but definitely present. With powerful excitation the SOg bands 
were less pronounced and the spectrum consisted chiefly of SO bands, the 
oxygen line and the sulphur triplet, the last named being very strong. 

Under the conditions most favourable to the production of the band system 
of the afterglow, we see that the constituents of the gas were SOg, SO, 8, and 
presumably oxygen. The sulphur lines, although present, were faint, and it 
is unlikely that the afterglow depends on the presence of atomic sulphur. 
The strengtlx of the afterglow was unaffected by the rate of flow of the gas 
through the tube ; since the rate of flow should affect the proportion of oxygen 
formed by decomposition, it seems improbable that the afterglow is stimulated 
by oxygen alone. It has recently been shown*** that sulphur monoxide, SO, 
can be condensed out after passage of an electric discharge through sulphur 
dioxide ; this would imply that the SO raoleciJes although unstable have 
an appreciable life. We have spectroscopic evidence of the presence of these 
molecules in the discharge, and it seems quite probable that the afterglow is 
produced by some reaction in which they take part. It is possible that they 
combine with oxygen to form 80 2, giving rise to something in the nature of a 
flame which yields the observed spectrum of the afterglow. This is similar 
to the explanation, put forward in a previous paper, to account for the occurrence 
of the afterglow of carbon dioxide. 

In conclusion, I wish to express my sincere thanks to Professor A. Fowler, 
F*R.S., under whose guidance the research has been carried out, and to 
Br. B, W. B. Pearse for much helpful discussion. 

♦ Cozdea and Schenk, * Trans. Faraday Soc,,*. vol. 80, p. 81 (1934). 
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Sm^mary 

Suli^ur dioxide, when excited to lominjescenoe in an dleetne^ 
low presenre, hae been fouiid {KMisess a blue-violet 
intensity. The conditions of its production and the eflfet of change of pressure 
and electrical excitation on the spectrum have been lnvest%ate^ 

The spectrum of the afterglow has been studied between 2400 A and 6000 A, 
and found to consist of about 20 narrow but headless bands in the region 
X 3828 to X 4699 and a continuum from 2400 A to about 41500 A. The band 
system has been analysed and found to give wave number intervals of about 
1140 and 520 and a few intervals of 366. The first two of these intervals are 
known intervals of the ground state of sulphur dioxide. This indicates that 
the afterglow bands are due to the triatomic molecule SOj, It is suggested 
that the lower of the excited states may have an energy equivalent to about 
26746 cm'”^ with a vibrational level of an additional 366 associated 
with it. 

From a consideration of the spectrum of the exciting discharge it seems 
probable that the afterglow is caused by the recombination of SO and oxygen 
in the form of a flame which gives the observed spectrum. 


DESOBIPTION OF FLATES 
Ptarx 13 

A--80, afterglow spectrum, observed by drawing .through side tube, on medium quartz 
spectrograph. Fairly powerful excitation; low pressure ; exposure 16 minutes. 

B — As above. Higher pressure ; exposure 20 minutes. 

C— Small quartz spectrograph. Weak excitation ; high pressure, (a) Exciting discharge ; 
exposure 50 seconds. (5) Afterglow Observed through rotating shutter; exposure 
80 minutes. 

Plstx 14 

AU these speotxograms were taken with the la^ aperture histrament, the afterglow 
being observed through the rotating shutter. 

A— afterglow (see details under B (a) below), Tmnidtim» between the lower vibra^- 
tiooal level of the u^v state and the various vibrhtionai levels of the ground state 
are mad^ above the speottogcam. The 1X50 intervale are marked in hori- 
zontal rows, and the 51S inteiTab ocm:e 0 poiid to the shifts betaken adjacent rows. 
The tmnsitimis fhnn the uj^per vBnatinnai level of M upper state to the ground state 
are marked below die spectrogram. 

B—(a) BOg afterglow at high pressure and with weak ex^tatidn. Exposure 1 hour. 
(6) Excituig discharge- Exposure 2 mixiutes ; weidc aftmglow b^ and some BO 
bands are Ihe chmffeatm^ 

Afterglow at moderate piassure with very j^werfulexxdtadite^f pxfomtt i minute^ 
The ccmtinumu is prcmouncwd a^ the are;^e^^ 

cluMrge r exp^^ A ^^ baes 1^^ also saiiieJ3|| 
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:My 1. fiv MniciKKtil, and K. E. W. RidIiBR, Wilk Phyuoal Labotatory, 

V v'V,'. .'University .of Blifitdi, . : 

(Oonimunioated by A. M. Tyndafl, E,R.S. — Received May 81, 1984) 

In a previous paper* Irom this laboratory it was suggested that when h^um 
ions move under the influence of an electric fidd through helium gas, t^e 
positive Charge carried by an ion does not ranain long associated with s single 
atom, but is repeatedly passed on from ion to atom at collision by the process 
of electron captare.t This prooess may be regarded as equivalent to an increase 
in the target area presented by the atoms to the positive helium ions and must 
therefore lead to a reduction in their mobility. When forei^ ions move in 
a given gas the conditions of resonance necessary for electron capture would 
not nommtly occur. If therefore in the absence of electron capture the 
mobility of a foreign ion in a given gas is found to afford an unambiguous 
measure of its mass, we may expect the value of the mobility of the ions of 
the gas itself to be less than that predicted from their mass, owing to the 
operation of this process. 

From the study of a number of ions in various gases we now know that 
helium is not a satisfactory gas in which to demonstrate the effect. Even 
with simple ions like Rb+, C8+, In+, T1+ the size of the ion has a profound 
effect on its mobility, so that the fact that He+ ions in helium move more 
slowly than the much heavier sodium ions cannot be definitely attributed to 
an exohai^je process. The exchange hypothesis offers a very probable, but 
not a certain, explanation of the relatively low mobility of the helium ions. 

In niteogen, howevCT, it was foundf that the mobility K„ of an ion of atomic 
weight m is given to an accuracy of within about 1% by the relation 



om/sec/iiait field, viAere B is a numeric^ oonslant ; this relation holds a 
number biF vioUl iuolad^ widely different itms as Na'*', (Na, and 

* Soo.,* A, vd. 134, p. m 

Pswell and Btata,'. 
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T1+. On Langevin’s classical theory this result follows if the “ aise *’ of an 
ion has no appreciable mfluenoe on its mobility. In this paper we show that 
this relation is also true for the molecular ion NHj+ as well as for the ions Kr**, 
Xe+ and Hg+ ; moreover, from the mobility value obtained for ions of mole- 
cular nitrogen we obtain in this case evidence of electron capture. In addition 
evidence for electron capture is obtained indirectly from the study of the 
breakdown of Langevin’s law (mobility X pressure = constant), when the 
velocity is increased above a certain value. 




D 

C 


-B 
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Experimental Method 

The metal parts of the apparatus used in these experiments are shown 
diagramniatically in fig. 1. With the exception of the a lk ali ions obtained 

from Kunfunan sources the positive ions were 
formed by a glow discharge in the gas between 
a rounded point electrode S and a perforated 
cathode T, and were draped by a suitable field 
up to the shutter AB and thence to the shutter 
CD and to the electrometer plate E. The mobi- 
lity of the ions, which may be regarded as typical 
of those in the positive column of the discharge, 
was then determined by the four gauze method 
which has been adequately described in previous 
papers. 

Nitrogen wasproduced by heating pure sodium 
azide, diluted by the addition of silver sand in 
order to avoid explosive decomposition. The 
silver sand was previously heated in air in an 
electric furnace to lOOO® C to drive ofi water 
and organic impurities. The mixture was placed 
in a quartz tube which was itself enclosed in 
an evacuated tube of pyrex. It was heated for many hours in vacuo at 
300° C and then the nitrogen was driven off by raising the temperature slowly 
to 380° C the first gas evolved being pumped off. The sodium, which is 
formed as a product of the decomposition of the azide, removes any residual 
water and oxygen. The gas was somettmes passed into a tube containing 
heated copper oxide to remove possibie traces of hydr(^(en, and finally into 
the apparatus through a trap immersed in liquid oxygen. 


t 

r 

Ts 


Fig. 1 



Speed of PmUive Im» in Nitrogen 913 

The ions formed in the gas obtained by this method have a mobility of 
2-67 cm/sec/volt/cm, and a typical curve is shown in fig. 2 (curve a). Here 
the electrometer current is plotted against fp/E in arbitrary units where / is 
the frequency, p the pressture and E the field. This quantity is proportional 
to the mobility. We have obtained the peak due to this group of ions in a 
great many samples of gas, and for reasons detailed below, we regard the 



20 30 so 20 30 40 20 30 40 

(arbitrary units) 


Fjo. 2 

group as characteristic of pure nitrogen. Fig. 3 is a curve showing the mobility 
in nitrogen of various ions plotted with their mass. Those previously examined* 
are indicated by a dot including Ba+ at 2*23 obtained by Powell and Brata 
previously unpublished ; other ions referred to later in the paper are indicated 
by a cross. The point for pure nitrogen is shown by a circle and it will be 
Men that with this exception the mobility gives an unambiguous measure of 


* Tyndall, Powell and Brata, loe. eit. 
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the mass of all the ions tested, though the dispersion at high masses is very 
small. The dotted curve is that given by the equatioo 



with the ordinate fitted at the sodium point. 

If the ions produced in a glow discharge in ptire nitrogen are diatomic 
molecular ions then according to fig. 3 we might expect them to have a mobility 
of 2 • 89. There are three possible explanations of the low value obtained in 
these experiments : 



(1) Although every precaution was taken to secure pure nitrogen, the ions 
might possibly be charged atoms or molecules of impurity produced by various 
collision processes in the glow discharge. If so we can deduce from the mass 
cmrve that the ions must have a mass 40 it 1- 

(2) In recent experiments by Luhr* evidence has been obtained for the 
formation of triatomic and tetratomic molecular ions by a glow discharge in 
nitrogen, the number of these ions increasing with the number of collisions that 
the ions make with the neutral gas molecules. We may therefore assume, as a 
second possibility, that the ions are triatomic molecular ions of mass 42. 


• ‘ Phys. Bev.,’ voJ. 44. p. 459 (1933). 




cannot be ions of atomio nitrogen or of tetratomic nitrogen for then their 
mobilitj would in the former case be 3*54 and in the latter 2*50. 

( 8 ) The ions may be molecular nitrogen, the low mobility being explained 
by the phenomenon of electron exchange. 

Some light is thrown on the first suggestion by some experiments which were 
rmdertaken to extend the range of application of the mobility mass relation 
in nitrogen by studying the ions produced when controlled amounts of various 
impurities were added to pure nitrogen. The results are shown by the remain^ 
ing curves in fig. 2. Curve ( 6 ) shows the effect on the mobility of the ions of 
allowing mercury vapour, saturated at room temperature, to enter the pure 
gas. It will be seen that the original group of ions has disappeared com- 
pletely, and that it is replaced by a group of mobility 2 * 16, Assuming that 
this group is due to Hg^ ions of mass 206 we obtain another point which lies 
approximately 1-5% below the mass mobility curve (fig. 3) drawn through 
the points representing the results of previous experiments. 

Similarly the addition of less than 0 * 8 % of hydrogen to the nitrogen resulted 
in the appearance of a group of ions of mobility 3-22* as well as the group 
attributed to fig. 2 {curve c). From fig. 3 we deduce that the mass of 
the ions of this mobility is 17 and we therefore identify them as The 

ammonia is continuously produced by the action of the glow discharge on the 
gas mixture and although the gas had access to a trap cooled in liquid oxygen 
to —178® C, the equilibrium vapour pressure of ammonia in the mobility 
chamber is sufficiently great to give a large proportion of NH 3 + ions in the 
glow discharge. The remaining curves, rf, e, /, g, show peaks in nitrogen due 
to Xe+ at mobility 2 • 23 and Kr+ at mobility 2 • 41 which are identified by these 
values in fig, 3. The conditions under which these curves were obtained 
will be discussed later. 

Other impurities were tried with results not at present susceptible to analysis, 
but there was no evidence of a peak of mobility 2 • 67 due to the added impurity. 
We therefore feel confident that the ions produced in the uncontaminatod gas 
are really characteristic of pure nitrogen. 

It remains to decide whether they are due to or N 3 +, The peak due to 
i!lg+ of mass 42 should occur at 2*63 which is near that which was observed. 
But it is very improbable that more than a small percentage of the ions drawn 
the glow discharge are triatomio; they could not therefore be responsible 
for the whole of the single peak observed. There remains only the third 

* When the added impurity differs considerably firom nitrogen in density, a small 
4sasity oormsiioii has been applied in deducing the mobility. 

ydn, cxivi.— iS. 3 b 
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possibility that the observed single group is due to ions of diatomic nitrogen 
reduced 7*6% in mobility by the process of electron exchange. This is 
rendered still more probable by indirect evidence from experiments described 
in the following paragraph. 


Breakdown in Langemn'e Lam 

In the absence of an external electric field, a positive ion executes a Brownian 
movement in a gas. When a field is applied, an acceleration of the ions in the 
direction of the field takes place between successive collisions ; this motion 
is imposed on the random movement of the ions, and the charge drifts through 
the gas. On the classical theory at low field^strengths and high pressures this 
drift velocity, W, through nitrogen gas, of an ion of atomic weight m is given 
by the relation 

W-^{l + 28/m), (1) 

P \ ! 


where A is a constant, £ is the electric field and p the pressure. It follows 
that we may expect the velocity W of a given ion to be proportional to the 
quantity E/p. But the theory assumes that the rate of drift in the electric 
field is small compared with the velocity of thermal agitation. At higher 
values of E/p this will not be true and we may therefore expect that the law 
will break down and that the velocity of the ions will exceed that given by 
equation (1). 

We have studied this breakdown in Langevin’s law for a number of different 
ions in nitrogen. In fig. 4 the experimental results are expressed by plotting 
the quantity Wp/E against E/p for the ions Li+, Na+, K+, Rb+, C8+, 
and Na'*'(NH 3 ). For convenience £ is measured in volts/cm and p in mm oi 
mercury. It will be seen that as long as E/p is sufficiently low, the experi- 
mental points lie on a horizontal straight line in accordance with the mmple 
theory. At the higher values, however, Wp/£ seems to increase iq>proxi- 
mately linearly with E/p. The velocity of an ion after breakdown presumably 


follows some law such as 


W = ot (E/p) •+• P (E/p)*. 


With some of the lighter ions there is evidence that the discontinujty is quite 
sharp ; for this reason the carves are so drawn, giving a ethical value (E/p)„ for 
breakdown. By an indirect method Huxley obtained a rimilar graph for 
helium ions moving through helium gas. But the results of TyndaU and 
Powell in this gas suj^st that his method was less satisfactory for quantitative 
measurements. 
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It will be Been from fig, 4 that the critical value of E/p where the breakdown 
of Langevin’s law begins is oharacteristic of the ion, bemg greater the smaller 
the mass of the ion. A second em|»rksal characteristic of the curves which 
may be noticed is that the slope of the lines after breakdown also increases 
with decrease of ionic mass. It will also lie seen that the value of (E/p)« for 
the ions (Na+, NHg), of mass 40, is practically coincident with that for K+, of 



mass 39, although the slopes of the two curves after breakdown are very 
different. Similar curves have been obtained for the ions produced in pure 
nitrogen and the results are shown in fig. 5. 

In fig. 6 the value of (E/p)« is plotted agmust the reciprocal of the mass rf 
the ions. The results lie approximately on a straight line through the otigio 
wihh fihe single exception of the result ^own by a cross for the ions produced 
by a glow discharge in pure nitrogen. This line affords a second method of 


3 B 2 
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distinguiehing the mass of an ion in nitrogen by mobility measurements, 
though here again the dispersion is smallest with ions of the greatest mass. 

It was shown above that of the three possible ways of exfdaining the values 
of mobility obtained in the purest nitrogen, the view that the ions were those 



Fio. 6 

of diatomiu niti'ogen with a mobility reduced by the process of exchange woe 
the most probable. The fact that the pure nitrogen point, if it is assumed to 
be due to N 2 +, is off the line in fig. 6 is furliier evidence in favour of this 
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explanation. The mobility results at low values of E/p show that the ions in 
pure nitrogen move as though they had a mass of 40. If this were their true 
mass the value of (E/p)c from fig. 6 should be 9 • 7 ; actually it is 22 * 5. In order 
to place this value on the straight line we should have to assume their mass to 
be 17*4. Such an ion would have a mobility of 3»2 instead of the value 2-67 
actually found. 

On the other hand if the ions are due to Ng”**, this anomaly is easily explained 
on the exchange h 5 T)othe 8 is. By comparison with most experiments on 
positive ions carried out at low pressure we are here dealing with very slow 
ions, and the collision time, the period during which the ion remains in the 
field of force of a colliding atom, is comparatively long. 

In addition to direct ooUisions which take place for all ions, there may bo an 
appreciable probability that the ions transfer their charge to a neutral 
molecule at relatively distant colhsions, since this process requires no energy 
change. Whenever this exchange of charge occurs there is an additional loss of 
momentum in the direction of the field which leads to a reduction in mobility. 
Indeed we may think of an exchange of charge as equivalent to a head-on 
collision with no exchange. Its effect, therefore, is the same as that of an 
increase in gas pressure. Consequently if we suppose that Langevin*8 law 
breaks down when the average momentum of an ion exceeds a certain value a 
higher field will be required to produce this value when exchange is operating. 
Thus the phenomenon of exchange explains why both the mobility and the 
breakdown value of E/p for the ion in nitrogen differ from those character- 

istic of another ion of the same mass. 

Tfie Effects of Added Im'purities 

It is well known that small quantities of impurity may have a profound 
effect on the spectrum of a gas discharge. It has even become a matter of 
industrial importance in attempts to produce a white discharge lamp. A 
number of facts have been accumulated in this laboratory on the ions 
produced by glow discharge in various gases contaminated with known amounts 
of impurity and it is clear that the two problems are closely related. While 
farther information is necessary before the results can be analysed in the light 
of a comprehensive theory, this seems to be a convenient, opportunity for 
recording the data for » nitrogen. One striking result was that obtained by 
removing a liquid oxygen trap so that mercury vapour was added to pure 
nitrogen at a concentration of about 0-018%. This is referred to above and 
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is plotted in fig. 2, curve (6). A comparison with curve (a) shows the oomf^te 
suppression of Nj^ ions and their replacement by Hg+, The pressure of the 
nitrogen was 5*2 mm. It should, however, be mentioned that in all these 
experiments the number of positive ions dragged to the shutter AB had to be 
made sufficient to give a peak current adequate for accurate measurement. 
This was secured by altering the voltage of the discharge and dragging field 
by amounts which varied with the nature and percentage of the added impurity. 
The words suppression of ions is therefore used here in the sense that the 
percentage of them entering the measuring apparatus is negligible under the 
changed conditions but not necessarily under all conditions of applied 
voltage. 

When 0*03% of pure xenon was added to pure nitrogen the upper curve 
(d) shows the presence of a strong Xe^ peak, with a tail probably due to N 2 ‘*'. 
This Xe+ peak was suppressed by 0*018% Hg (lower curve) even when the 
concentration of Xe was raised to 1%. Curve (e) shows the result of adding 
0*19% of pure krypton to nitrogen at 8*31 mm giving both Kr+ and 
peaks. In curve (/) the concentration of Kr was raised to 0*27% and the 
pressure of the mixture reduced to 4*46 mm. In this curve a bulge is shown 
on the low mobility side of the Kr+ peak indicating the presence of a heavier 
ion. At a stiU higher concentration of krypton (0*74%) this is quite clearly 
identified in curve as Xe+, the krypton ions being suppressed. Presumably 
the xenon was present as an impurity in the krypton although this was stated 
by the makers to be over 99% pure. 

Now the ionixation potentials of Ng, Kr, Xe, and Hg are 16*7, 13*9, 12*1, 
and 10*4 respectively. At first sight it may seem that the results may be 
interpreted by one mechanism of ionisation alone, that of direct electron 
impact. Thus mercury displaces both Xe and Ng because, owing to 
its low ionization potential, it acta as a barrier and prevents the electrons from 
ever obtaining a high enough energy to ionize xenon or nitrogen themselves. 
For the same reason xenon displaces krypton. On this view, however, without 
more knowledge of the distribution of electron velocities in the discharge, the 
following results are a little surprising : — (1) the entire suppression of nitrogen 
by such a very low concentration of mercury ; (2) the suppression of Xe by 
mercury when the ratio of their concentrations is 60 to 1 and the difierence in 
their ionization potentials only 1*7 volts ; (3) the suppression of krypton by 
xenon in the krypton nitrogen mixtures without the suppression of nitrogen. 

On the other hand it is probable that metastable atoms play a role in the 
production of ions in many gas discharges. But the best experimental evidence 
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BUggeats that the metastable nitrogen molecule carries an energy of about 
8 * 3 volts and this is insufELcient to ionize any of the impurities added to nitrogen 
in the present experiments. It may be that we have to deal with some combined 
process of excitation in which both gas and impurity atoms coupled with 
electron impacts are concerned. A study of the intensity distribution of the 
lines of the spectrum of the positive column in pure and in contaminated 
nitrogen should throw some light on the problem. 

We are indebted to Professor Tyndall for his encouragement and advice 
during the course of the work and to Dr. C. F. Powell for the benefit of his 
experience in mobility measurement. We have also to thank the Colston 
Research Society of the University of Bristol for a grant in aid. 


Summary 

The mobility of the positive ions produced by glow discharge in pure nitrogen 
at a pressure of from 4 to 9 mm has been found to be 2-67 cm/sec/volt/cm. 
Values of the mobilities of and Hg^ in nitrogen have also 

been obtained by adding small quantities of these substances to the gas. Of 
the 17 ions in nitrogen, which have now been studied in this laboratory, all lie 
on a smooth curve connecting the mobility of an ion with its mass, except 
those in pure nitrogen. 

Evidence is advanced for the view that the ions found in pure nitrogen are 
and that their mobility is 7-5% less than that appropriate to their mass 
owing to the phenomenon of electron exchange. 

Further evidence of exchange is afforded by a study of the breakdown in 
the law which states that the speed of an ion is proportional to the field E and 
inversely proportional to the pressure f. A linear relation is found for seven 
ions between the critical value of E/p for breakdown and the reciprocal of the 
mass of the ion. Again the ion is anomalous. 

Examples are given of the suppression of ions of one kind and their replace- 
ment by ions of an impurity present in small concentration. 
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Separation of the Isotopes of Lithium and some Nuclear 
Transformations observed with them 

By M. L. OuPHANT, Royal Society Messel Research Fellow, E. 8 . Shibb, and 
£. M. Gbowtheb, Cavendifh Laboratory, Cambridge 

(Communicated by Lord Rutherford, O.M., F.R.S. — Received June 11, 1934) 

In studying the transformations of elements by bombarding particles, it is 
of great importance to examine separately the effects due to each isotope of 
composite elements. It is to be anticipated that the nature of the trans- 
formations will be very different for the individual isotopes, and in a study of 
a complex element it may prove diflScnlt to decide with certainty which isotope 
is responsible for the effects under consideration. For these reasons experi- 
ments have been made to devise methods of separation of isotopes in sufficient 
quantity for direct observation of the nature of the transformations produced 
in them. 

With the exception of the isotopes of hydrogen, by far the most promising 
method for the complete separation of isotopes is by means of some form of 
mass spectrograph. Unfortunately the quantities separable in this way are 
very small. In the mass spectrographs of Aston, Bainbridge, etc., the isotope 
beams produced are of the order of 10 ~* ampere or less, while for lithium a 
beam of a microampere would deposit only a quarter of a microgram of Li'^ per 
hour. The probability of disintegration of lithium by protons and diplons is, 
however, so large that monomoleoular layers suffice for an experiment and 
quantities of the order of a tenth of a microgram are ample. Attention was 
therefore directed to obtaining quantities of this order by means of a mass 
spectrograph designed to give large ion beams. 

Two spectrographs have been built, both using the combined action of 
crossed electrostatic and magnetic fields to separate the isotopes. This 
method has two advantages over that employing a magnetic field alone. 
Since the ions may be made to travel in approximately straight lines, the 
apparatus required is simple to make and adjust, while the separation of the 
isotope beams may be made much greater with both electrostatic and magnetio 
fields than with a magnetic field alone. In both spectrographs the ions were 
obtained from a platinum filament coated with a mixture of SLigCO,, A 1 (O 0 , 
. 3SiO|, as described by Jones.* These sources proved very reliable and satis- 


• ‘ Phys, Bev.,’ vob 44, p. 707 (1088). 



92S 


Separotion of the Isotopes of Lithium 

factory, provided that they were first overheated" until a sudden increase in 
emission indicated that the surface had been activated in some way. After 
this activation an ion current of several hundred microamperes could be 
taken from the source for several hours. The isotopes were collected on small 
metal plates carried on a glass tube filled with liquid nitrogen. After collection 
the isotopes were fixed by admitting a puff of HCl into the apparatus to form 
lithium chloride. Details of the two spectrographs will now be given. 

Spectrograph 1 

The apparatus, fig, 1, was of small and simple design, and was in the form of 
a rectangular tube, the sides of which were made up of soft iron magnetic pole 
pieces 14 cm long, and the top and bottom of two electrostatic deflecting plates 
10 cm long fixed between them at a distance of 2 mm apart, the upper of the 
two plates being insulated. The electric deflecting plates D formed a defining 



channel of cross-section 2 cm x 2 mm through which was passed a beam of 
positive ions of lithium of about 800 volts energy, from a flat source S, prepared 
as described above, and placed 4 mm from the mouth of the channel. With a 
magnetic field of about 4000 gauss, and the electric deflecting field so adjusted 
(600 volts/om) as to allow the ions of one isotope to follow a straight path, the 
ions of the other isotope would be deflected in a distance of 10 cm through about 
1 *6 cm, and so would have no chance of passing out of the other end of the 
channel. The ions entering the crossed fields require to be homogeneous in 
velocity within about 7%, and this was easily accomplished with the souioe 
and accelerating voltage used. The magnetic field was arranged to extend 
4 cm beyond the region of the electric field ; consequently the ion beam, after 
p nsrin g straight through the crossed fields, was deflected through about 1 cm 
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by the magnetic field alone. Thie deflection of the ion beam aeparated it 
from the atomic beam, which was condensed on the liquid air tube opposite 
the slit. 

Difficulty was experienced in getting a reasonably large current through the 
slit, owing to the fact that there was a considerable leakage in the magnetic 
field in the space between the source and the slit, and no appreciable electric 
field to balance it. By suitably orientating and tilting the source, a current 
of aboxit 2 '5 X 10"^ amps of Li*^, or a tenth of that of Li®, could be received 
on a nickel collector strapped round the liquid air tube. After a few minutes 
running an easily discernible trace was made on the nickel sheet. This trace 
was quite sharply defined, and of width slightly less than 2 mm. This showed 
that the ion beam emerging from the electric field was homogeneous in velocity, 
and could only consist of one isotope. The only possibility of contamination 
would be due to the diffusion of uncharged atoms through the channel. 

The isotopes were collected one at a time. Targets were prepared, of Li’ 
by collecting a current of about 2’5 x 10 amps for 5 minutes, and of Li® by 
collecting 0*26 X 10^® amps for 50 minutes. The quantities separated were 
therefore of the order of 5 X 10"® gm. 

The low accelerating voltage used (800 volts) reduced the possibility of the 
lithium atoms being knocked off the target ; the purity of the separated 
isotopes is shown by the results of the disintegration experiments. 


Spectrograph 2 

In this spectrograph the ion beams were brought to a sharp focus after 
passing through the crossed fields by means of the electrostatic fields acceler- 
ating the ions leaving the source. Ions from the filament F, fig. 2, prepared 
as described above, were accelerated by a potential difference of about 4000 
volts between the electrodes Ej and Eg and by a further 6000 volts between 
Eg and Eg. Ions diverging from the slit S in Eg were made to converge by 
the field between Eg and Eg, the position of the restilting focus depending on 
the ratio of the potential difference between the filament and Eg and that 
between Eg and Eg. For the separation of the lithium isotopes the focus was 
made to come slightly in front of the collecting plates CC* On applying an 
electrostatic field between the plates PP and a magnetic field perpendicular to it 
over the region within the dotted line of fig. 2, the focal spot split into two, 
corresponding to the two isotopes, and these spots were arranged to fall on the 
collectors CC. The focal spots, as determined by a willemite screen and by the 
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traces on the collectors, measured about 8 X mm. For ions accelerated 
by 10,000 volts, the magnetic field available would have permitted a separation 
of the two beams of Lig and of over 4 cm. As the deflecting plates were 
only 2 cm apart such a separation would have made it impossible to collect 
both isotopes simultaneously, so the magnetic field was reduced until the 
reparation was 15 mm, when both isotopes could be collected at the same time. 
For this separation a magnetic field of 1300 gauss was required and an electro- 
static field of 600 volts per cm. The accelerating and deflecting potentials 
were obtained from transformers and rectifiers connected to the A.C. mains and 
the D.C. mains were used to excite the magnet. The separation of the two 
isotope beams was not seriously affected by mains fluctuations and any simul- 
taneous drift of the beams was indicated by a galvanometer connected to two 
electrodes N, placed between the collecting plates and connected to earth 
through 10 megohm resistances. 



With this apparatus beams of 5 microamps of Li^ and 0*4 microamps of Li^ 
were easily obtained, but owing to the sputtering action of the incident ions 
on the lithium already present on the collectors it was impossible to collect 
more than a few tenths of a microgram of either isotope in a single run. The 
apparatus is being modified to overcome this defect by slowing down the ions 
before colleotion. 

Tramforimtion Experiments with the Separated Isotopes 
In general, for purposes of experiments on the differences in their properties, 
separated isotopes are required in much larger amounts than we have been 
able to obtain so far* From the point of view of nuclear structure the most 
important experiments are the transformations observed when lithium is 
bombarded by fast particles. Oliphant and Rutherford* have shown that it 

' Pmc. Roy. 8oo./ A, vol, Ul, p* 209 (1933). 
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is possible to observe the products of transformation from a fraction of a mono- 
molecular layer of lithium when bombarded by protons or by diplons, and 
therefore quantities such as are collected in the present experiments are ample 
for accurate work. Accordingly the copper and nickel discs, upon which the 
separated isotopes had been deposited, were mounted upon the target system 
of the apparatus described elsewhere* and they were bombarded successively 
with protons and with ions of heavy hydrogen accelerated through a potential 
of about 160 kv. The range distribution among the resulting charged particles 
was measured by absorption in mica, while neutrons were searched for by 
observation of the ionization produced by recoil nuclei in the counting chamber, 
A linear amplifier and oscillograph were used to record the particles. 

It will be seen that the Li® and Li’ targets behave very difierently under 
bombardment by protons or diplons, the range and nature of the escaping 
particles being characteristic of the particular isotope. The details of the 
observations are included below. 

Li® Bombarded with Protons 

Large numbers of doubly charged particles of range 11 ‘6 mm were detected 
under these conditions. We were unable to observe below a range of about 
9 mm as the mica window through which particles escaped into the counting 
chamber had a stopping power equivalent to about 6 mm of air and we required 
an extra 3 mm in order that the particles should be recorded. Oliphant, 
Kinsey, and Eutherfordf have reported the presence of two short range groups 
of particles from lithium under proton bombardment, one range being identical 
with that observed in the present experiments, and a shorter range group 
travelling 6-8 mm in air. Some expansion chamber photographs obtained by 
Dee^ suggest that these particles are emitted in opposite pairs, a particle of 
11-6 mm range appearing opposite an 8 mm particle. The reaction suggested 
by Oliphant and Eutherford (loc. dt,) to account for the presence of these 
groups is 

aLi® + iff -aBe’ gHe® + gHe®, 

the He* corresponding to the 8 mm group and the He* to the 11 *6 mm group* 
The energy of the He* particle can be determined from its range, and it can 
be shown that the observed ranges satisfy momentum considerations aft 

* Oliphant, Horteek, and Eutherford, * Eroo. Roy. Boo./ A, vol. 144, p. 692 (1984). 

t ‘ Proo. Boy. Soo.,* A, vol. 141, p. 722 (1933). 

X * Nature,* vol. 133. p. 564 (1934). 
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closely as the accuracy of the experimental results will allow. It is then 
possible to calculate the mass of He®. Using the mass for Li® given by 
Bainbridge®' the mass of He® comes out to be 3*0166, while the mass of Li® 
calculated from disintegration dataf gives 3-0178. 

In addition to the short range group of particles discussed above, the Li® 
targets gave a few particles of range 8*4 cm. It is clear from the experiments 
described later for the Li’ isotope, that these 8-4 cm particles arise from a 
slight contamination of the Li® target with atoms of lithium of mass 7. The 
relative number of these particles varied widely for different targets, but was 
never greater than 1% of the number of short range particles observed, 
so that the contamination of the Li® targets by Li’ could never have been 
greater than a few per cent. No other groups were observed. 


Li® Bombarded by Heavy Hydrogen lorn 

The Li® targets all gave a large emission of 13-2 cm a-particles when bom- 
barded by ions of heavy hydrogen. These particles have been discussed by 
Oliphant, Kinsey, and Rutherford {ho, ciL) and expansion chamber photo- 
graphs have been obtained by Dee and Walton. J It seems certain that the 
reaction which gives rise to them is 

3Li® + - aHe® + 

the two a-particles being emitted in opposite directions. Energy and momen- 
tum relations are satisfied if the mass of Li® is assumed to bo about 6-0157, 
which is further from Bainbridge’s value of 6-0145 than the experimental 
errors in the mass or the range determinations would seem to allow. It is 
perhaps significant that the value 6-0157, derived from the range data, gives 
calculated results closer to the experimental values in some other atomic 
tran8formations.§ 

In the experiments with heavy hydrogen the Li® target also gave two groups 
of protons of ranges about 14 and 30 cm. The 14 cm group of protons is 
present with all target materials and it is natural to assume that it arises from 
bombardment of a deposit on the target of heavy hydrogen from the beam. 

* ^ Phys. Rev.,’ vol. 44, p. 66 (1933). 

t 8ee next paragraph. 

: ‘ Proc. Roy. Sckj,,’ A, vol. 141, p. 733 (1933). 

Cf, Oliphant, Hoiteck, and Rutherford, * Proc. Roy. Soc.,’ A, vol. 144, p. 692 (1934). 
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The 30 cm group has been observed by Oockcrcrft and Walton* who oonclnded 
that it must arise from the transformation 

gLi^ + iH* 4Be8 gLi’ + iIP. 

The Li* targets did not give rise to a neutron emission which was greater than 
that observed from bombardment of iron or copper by heavy hydrogen ions^ 
and this small emission probably arose from contamination with heavy hydro- 
gen. 

Li’ Bombarded by Proiom 

An emission of a-particles of 8-4 cm range was observed. This is the group 
of particles first found by Cockcroft and Walton, f and of which expansion 
chamber photographs have been obtained by Kirchner, J and by Dee and Walton 
(Zoc. ciL). The nuclear reaction which results in the production of the group is 

gLi’ + iHi + aHeS 

and the measured range agrees very well with that calculated from the mass of 
Li’ given by Bainbridge {loo. ciL). The best of the Li’ targets gave no trace 
of any other group of particles, and in the others there was just a trace of the 
short range group characteristic of Li*. 


Li’ Botnbarded by Heavy Hydrogen lom 

When heavy hydrogen was substituted for the ordinary hydrogen, using a 
Li’ target, a continuous distribution of a-particles was found from 1 cm up to 
about 8 cm range. OUphant, Kinsey, and Rutherford (Joe. ciL) have discussed 
the mechanism of production of this inhomogeneous group of particles, and 
they came to the conclusion that it was a three body reaction in which two 
a-particles and a neutron are emitted. 

J.i’ + iH* -^486* gHe* -f gHe* + V- 

We have observed deflections of the oscillograph produced by recoil particles 
which result from collisions between neutrons and the nuclei of the gas in our 
ionkation chamber, and have shown that the number of such recoils was much 
greater from the Li’ target than from the Li* or from iron. It seems probable, 

• * Proc. Roy, Soo./ A, vol. 144, p, 704 (1934), 
t ‘ Roy. Soc./ A. vol. 137, p. 229 (1982). 
t * Naturwiss./ vol. 21, p. 473 (1933). 



therefore, that the above reaction does express correctly what happens in this 
case. 

Discmsion 

The experimental results which we have described seem to establish beyond 
all doubt that the methods which we have used have resxdted in the preparation 
of very pure samples of the separated isotopes of lithium. The quantities 
which we have dealt with have been very small, of the order of 10“^ gram, 
but the methods are capable of development to give about a milligram of tlie 
separated isotopes per day. The limiting factors are the intensity of the ion 
beam which it is possible to obtain and the difficulties of collection introduced 
by the sputtering action of the incident ions. The intensity of a beam of 
positive ions is seriously limited by space-charge effects and this factor sets 
an upper limit to the current which can be used, for it causes the two divergent 
beams of ions to spread and overlap one another if the intensity is too high. 
The sputtering action may be (diminated by reducing the velocity of the ions 
to a few volts immediately before collection, or alternatively by collecting the 
deposited lithium ions in a deep and cooled depression in a block of metal. 

The possibility of using other sources of positive ions is being explored, 
and it is hoped to be able to separate the isotopes of boron and of some other 
elements which are required for transmutation experiments. 

Sumnmy 

A description is given of the methods used to separate the isotopes of lithium 
in quantities of the order of 10“^ gram. The completeness of the separation 
effected, and the possibility of using such small quantities of material for 
definite experiments on the transmutation effects observed during bombard- 
ment by protons and by ions of heavy hydrogen, is confinned by the further 
experiments described. In these the targets were mounted and bombarded 
with hydrogen ions at about 160,000 volts energy, and the particles emitted 
were examined. The results are summarized in the following table. 

Bombfn^ing purtiole* Lithium 0 Lithium 7 

Protons ci-partioles of 11*5 mm range a-particles of 8-4 om range 

Diplons a^partioles of 13 '2 cm range a-partioloa up to 8 om range 

Protons of SO om range Neutrons 



Theory 

By J, Fbenk£l, Phyaical Tedmical Institate, Lenu^fiad 
(Communiosted by F. A. M. Diiw, F.R.S. — Beoeiyed Jane 22, 1234) 

The equations of the electromagnetic held are derived in Bom’s theray* ficom 
the variation principle ^ | dv = 0 with the Lagrangian 

ii? = 62 (1 _ VI - ) 

where E = — Vd— -A and H = curl A, b being the maximum value of B. 

c 

In order to obtain the equation of motion Born and Infeldf use instead of the 
Lagrangian the Hamiltonian H putting 3 j H dr = 0. This seems to me a 
ht^dly justifiable procedure. 

Born and Infeld’s main results (1) the finite value of the eleotromagnetio 
mass of a punctual electron, and (2) the fact that it is acted upon by an external 
field in the same way as if it was an extended (“ jfree ”) charge, can, however, 
be obtained by a very simple method which seems to be wholly unobjectionable. 

Besides giving the correct dependence of the mass on the velocity, this 
method yields the correct ratio (o*) between the rest-energy and the test- 
mass of the electron. 

1 — In order to obtain the mass of the electron we consider the electromagnetic 
mbmentum of the field produced by it when in uniform motion. The density 
of the electromagnetic momentum is given in Born’s theory by the vector 

0=1 ^ ^ ^ (1) 
c Vl - (E» - H*)/6* ' 

(where my H corresponds to Born’s B and vice versa). 

The values of E and H can easily be derived from the value £' of the eleohcio 
field produced by the electron in a co-ordinate system S' with respect to w^ch 
it is at rest , which is moving with respect to the original systm with tibte 
same velocity v as the electron) with the hdp of the familiar transfonoatkai 
formulse of the relativity theory 

; E. « E'„ , B, » yB'„ ' E. « yE'. 

H,-0, H, =.-y-EV ’ 

C C / 

J! being the direction of rrfative motion and Y =* “* «*/<**)”** 

* ' Fwo. &oy. Boo.; A, vol. 148, p. 410 (1«84). 

t ‘ Pk», B«y. Sob.,' a Vrf* HI** P- 4S® (fWi). 
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Noting further that E* — H* = E'® (since H' ==-0) we get 

Y® E' 2 4- K' 2 
“ c2 ^ ^ 

the total momentum 6 being equal to JJJ dx dy dz (and parallel to v). 

In carrying out the integration we can transform from the original co-ordinate 

system S to the moving one S' by putting d® == i dx\ dy = dy\ dz =:= dz\ 

that is dx dydz ^^ dV', dV' being the element of volume in S'. Since, further, 
Y 

the electrostatic field produced by a point charge resting at the origin of S' is 
radially symmetrical we can replace 


whidi gives 


by d ^1=.^', 

J Vl - j Vl- E'»/b* 

dV’. 


F/s 


^ ^ JvJ - E'*/b* 


( 4 ) 


This expression is of the usual form G — 
electron is defined by 


- 

Vl - v^/c^ 


mo 



E^ 

Vl - EV62 


dV, 


if the rest-mass of the 


( 6 ) 


where for the sake of simplicity we have dropped the dashes indicating that 
all the quantities concerned refer to tlie system with respect to which the 
electron is at rest. In the classical theory of the extended spherical electron 


If 11 

this expression reduces to mo = — | E^dV (6= oo), mp = 

C J c* »> 


XJ“|jE*dV being the electron's own (electrostatic) energy. The factor 

4/3 is in contradiction with the relativity theory which requires that should 
be exactly equal to U/c*. This difficulty has been considered by a number of 
different authors, in particular by Fermi, but the solutions proposed seem to 
me artificial and unsatisfactory. 

Now it is a very pleasant feature of Born’s theory that in the case of the 
punctual electron (and only in this case) the integral in (5) reduces to f U 
(instead of 2U), thus giving the desired relativistic relation between mass and 
energy. 


3 s 
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To see this let us note that the energy denraty is given according to Bom’s 
theory (in the absence of a magnetic fidd) by the expression 


6* 


Vl - E*/6* 


( 6 ) 


E* 


which in the limiting case b-* =» reduces to the ordinary one ~ -r- . Intro- 

Jl 


ducing the vector D 


E 


(corresponding to the “ momentum ” in 


Vl - E*/6* 

mechanics or to the “ electrical induction ” in the ordinary theory of a polariz- 

1 


able medium with the dielectric coefficient e 


further 


1 


Vl -Ea/6« 


Vl - EV6* 


Vl V D*/6* and consequently 


yi = b‘ {Vl + DV6* - 1) = 6 (a/6* + D* - 6). 

We get in a similar way 

6* - Vl - E*/6* 


, we have 


(7) 


E* 

Vl - E*/6* ~ " VVl - E»/6* 


whence 
E* 


-viw)' 


<^ = »• ,[ 'Vl + D>/e - 1) iV + 6> |(i - w. 

The first of these two integrals is equal to the electrostatic energy U. In 
order to evaluate the second one we note that it can be written in the form 

Now in the case of a punctual electron U = k . — , where « is a niunerioal 

^0 


constant of the order of 1 (which is immaterial for us) and the electron's 

U 

b 

whence 


effective radius defined by = 6. We thus have U ^ and V ^ b^^ 

* or 


and consequently 


6*1/U 

S6\5 


E*/6* 


= iU, 

dV = 3U, 
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Substituting this in the expression (5) we see that the factor | cancels 
out and thus obtain the relativistic relation between mass and energy 




U 


2 — We shall now turn to the question as to the force acting on an electron 
in a given external field, limiting ourselves for the sake of simplicity to the 
case of an electrostatic field. 

It should be mentioned that in a dynamical theory of the electromagnetic 
field (“ Unitarian ’’ theory according to Born) the notion of “ force becomes 
meaningless, the fetal force acting on the electron always vanishing (it is just 
this principle that determines the laws of motion). The really important 
quantity is the electromagnetic energy (or more exactly the energy tensor, the 
equations of motion being derived from the principle of its conservation). 
The separation of the total field into two parts — that due to the electron under 
consideration and another due to the external system of charges — ^is not 
possible for the electromagnetic field E, H is not additive with respect to its 
“ sources.” This additivity must hold, however, at least approximately for 


the induction vectors D 


£ 


andB : 


H 


V(l - (E* lP)lb^) V(1 - (E® H2)/62) 

since they are connected in Born’s theory with the true distribution of 
electric charge and current by exactly the same equations, as in the ordinary 
theory. In the particular case of an electrostatic field due to a system of 
punctual charges at rest we have, for example, div D = 0 everywhere outside 
these charges. Since, however, curl D is in general different from zero 
(whereas curl E = 0) it must not be thought that the additivity law for D 
is exactly valid. The departure from it can be shown, however, to be 
the snoaller the larger the distance between the electrons concerned compared 
with fQ, 

Let us consider the total electrostatic energy U of the given electron and 
some other relatively remote system of charges and let us put D = + Dj 

where is the induction due to the former, and Dg, that due to the latter. 
The energy density of the resulting field 73 = h® (Vl + — 1) in the 

neighbourhood of the electron in question (D^ > Dg) can be written approxi- 
mately in the form 




1 + 




bm+wm 




•Oi.i + ’ii.a. 


where 
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is the part corresponding to the electron's own energy while 


V]l,2 ““ 


Pi D« 

Vl+D^ 


( 8 ) 


is the part defining the mutual action between the electron (1) and the “ external 
system ’’ (2). The “ external force acting on the electron can thus be calcu- 
lated as the negative gradient (with respect to its co-ordinates) of the mutual 

potential energy 2 ^ | 2 integration being practically extended 

over a small volume containing the electron, where Dj remains small compared 
with D^. Under these conditions we can put D 2 - Eg ; since, further 

vrrm “ 

U.,.« |E,.E,iV, (9) 


which is exactly the same expression as that defining the mutiml potential 
energy of two systems of electrical charges in the ordinary theory (it reduces in 

particular to in the case of two point charges at a distance , j apart), 
. 2 

Putting Eg — — we can transform (9) to the familiar form 

Ui,2 = (10) 


which is the same as in the ordinary theory, if the distribution of the electron’s 
charge is described not by the divergence of the vector (corresponding to a 
punctual charge) but by the divergence of the vector E^. This is the “ free 
charge ” of Born’s theory, the above derivation being quite similar to that of 
Born and Infeld, but being free from the objection of using an unjustified (and 
I think unjustifiable) variation principle for its derivation. The preceding 
results are easily generalised for an arbitrary electromagnetic field. 


Summary 

The formula of Born and Infeld for the mass and the equations of motion 
of an electron are derived by a direct method which avoids the variation 
principle used by these authors. 
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Remarks on the paper hy Frenkel on Born's Theory of the Electron 

By M. Born and L. Infeld 

FrenkeFs derivation of the electromagnetic mass and the equations of 
motions of the electron are very suggestive and simple. But we (mnnot admit 
that our method of reasoning is unjustified. There are two points : 

(1) We have proved exactly that the two variation principles using the 
Lagrangian and the Hamiltonian are entirely equivalent, both leading to the 
same results (p. 436). The reason why we have to use the Hamiltonian, not 
the Lagrangian, for the derivation of the equations of motion is the additivity 
of the pf^i (D, H) and not of the (E, B) in accordance with FrenkeFs state- 
ment ; we regret that we have stated this important point only in a footnote 
(p. 449). 

(2) FrenkeFs calculation of the energy and momentum for a uniformly 
moving co-ordinate system is entirely equivalent to our derivation of the 
so-called Laue-theorem (p. 446), which states that in the proper co-ordinate 
system all space integrals of the components of the energy-tensor Tl\i vanish, 

except the energy Eq = WqC® = Jit dxdydz. From this follows im- 
mediately that in any co-ordinate system (of special relativity) 


Jtt [ Ti 4 dxdydz = mo , 


in accordance with FrenkeFs equation (4). 

We are very grateful to Mr. Frenkel for having given to us the opportunity 
of reading his manuscript. 
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